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Abstract
The Role of Structure Evolution for PrBaCo2O6-δ in Oxygen Reduction Reaction Kinetics at
SOFC Cathode
Nan Zhang

Mixed ion and electron conductive materials especially those with perovskite-related structures
have been widely used as cathode and anode of solid oxide fuel cells (SOFC). Double perovskite
LnBaCo2O6-δ (Ln=Pr, Nd, Sm, Nd, Y) cathodes have been shown better performance than single
perovskite Ln0.5Ba0.5CoO3-δ in SOFC cathode studies. However, the effect of different double
perovskite phases on oxygen transport properties has not been investigated. In this study, the
electrochemical performance of different double perovskite materials PrBaCo2O6-δ (PBCO),
NdBaCo2O6-δ (NBCO), YBaCo2O6-δ (YBCO), and single perovskite La0.5Ba0.5CoO3-δ (LBCO)
were investigated and compared. The PBCO material was determined to be a potential SOFC
cathode with excellent electrocatalytic activity to oxygen reduction. Tetragonal and
orthorhombic PBCO perovskite powders are synthesized by controlling the sintering atmosphere
and temperatures to study and compare the oxygen transport mechanism. In-situ X-ray
Diffraction (XRD) was adopted to characterize the structure of PBCO in the SOFC cathode
operation range, and it proves that there is a phase transition that occurred for pristine
orthorhombic PBCO when above 550 ºC. The oxygen vacancy in tetragonal PBCO was proved
to be disordered by the Neutron Powder Diffraction (NPD) characterization, while that in
orthorhombic was ordered distributed. The Selected Area Electron Diffraction (SAED) patterns
and the High-Resolution Transmission Electron Microscopy (HRTEM) morphology also tells
that PBCO treated in the air has a higher disorder degree than that of treated in nitrogen. The

oxygen non-stoichiometry δ, a critical factor to electro-catalytic activity on oxygen reduction,
was determined by Thermal Gravimetric Analysis (TGA). Further, thermodynamic quantities
were obtained through the solving of the thermodynamic equation. The abnormal partial molar
entropy and enthalpy values were related to the complex activation of oxygen vacancy caused by
the phase transition, the appearance of a new crystal lattice that has been detected by NPD. The
oxygen transport on dense PBCO electrodes has been investigated with the Electrical
Conductivity Relaxation (ECR) technique. The study of oxygen bulk diffusion coefficients
together with the structure factor from NPD and the thermodynamic property from TGA have
promoted the possibility of calculating the migration entropy and enthalpy. The performance of
PBCO oxides as SOFC cathodes was evaluated by electrochemical impedance spectroscopy.
Both the as-synthesized tetragonal and orthorhombic show good electrocatalytic activity to
oxygen reduction, with polarization resistance 0.078 Ω·cm2 and 0.10 Ω·cm2 respectively at 650
ºC. Oxygen bulk diffusion and surface chemical exchange co-limited the oxygen reduction
reaction (ORR) on the PBCO cathodes. Besides, oxygen reduction reactions on electrodes treated
in nitrogen were retard mainly by oxygen incorporation into the lattice step.
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Introduction
Peoples’ lives improve at the expense of increasing consumption of energy and thus severe
environmental pollution. Alternative energy technologies such as solar, wind, nuclear, fuel cells,
high energy density batteries, and supercapacitors are being pursued intensively to address the
above concerns and problems. Among them, SOFC has attracted an intensive study for its
exceptionally high electrical efficiency (> 50 %) through direct conversion from chemical energy
to electrical energy. SOFC has a wide variety of applications, from use as auxiliary power units
in vehicles to stationary power generation stacks

1,2

. SOFC power stacks can increase efficiency

by using the heat given off by the electrochemical oxidation within the fuel for the steam
reforming process 3. Additionally, solid fuels such as coal and biomass may be gasified to form
syngas which is suitable for fueling SOFC 4. Low-temperature SOFC (600 °C) is one current
research direction. Low-temperature systems can reduce costs by reducing insulation, materials,
start-up, and degradation-related costs 5. However, the deactivation of the electrode especially
the cathode side is an issue when lower down the operating temperature 6.
Perovskite materials have been widely served in cathode components due to their excellent
electronic or both electronic and ionic conductivities. It is common sense that polarization
resistance on the cathode constitutes a large portion of the whole SOFC resistance 7. Since the
oxygen gas needs to be reduced and transported across the gas/cathode, bulk cathode,
cathode/electrolyte, and the gas/cathode/electrolyte interfaces to the anode side. Perovskite LSM
with its high electrical conductivity and matched thermal expansion coefficient (TEC) with
yttria-stabilized zirconia (YSZ) electrolyte has been used as a commercialized high-temperature
SOFC cathode. Mixed ionic electronic conductor (MIEC) LSCF with high electronic and good
ionic conductivity has been used as intermediate temperature SOFC cathode. The low ionic
1

conductivity limits the utilization of LSM cathode in low to intermediate temperature SOFC. The
related low surface chemical surface exchange rate on LSCF cathode needs to be addressed.
Besides the most commonly used LSM and LSCF cathodes, series of double perovskite materials
have been examined providing their prominent electro-catalytic performance on oxygen 8. High
oxygen vacancy concentration, shorter metal-oxygen bond length, and the anisotropic of oxygen
transport between ab plane and c axis have been confirmed to contribute to the considerable
electro-catalytic performance of double perovskite LnBaCo2O6-δ (LnBCO) 9. However, there
lacks of study regarding the structure stability, oxygen transport, and oxygen reduction reaction
mechanism of the double perovskite materials. They need to be studied to explain the high
performance and propose a modification path leading to the commercial use of these cathodes.
The cathode reaction mechanism has been focused on LSM/YSZ and LSCF/GDC for nearly
three decades through either experiment or modeling work

10

. Charge transfer at

gas/electrode/electrolyte 3PB and surface chemical exchange at gas/electrode 2PB determined
the overall oxygen reduction reaction (ORR) on the cathodes. But the results cannot be
interpreted into double perovskite oxide cathode directly. Firstly, the structure of the double
perovskite materials differs from the above materials in a degree of order, which will lead to the
priority transport ways of oxygen ions. It is reported that oxygen transport through the ab plane
is faster than through the c axis 11. The remarkable oxygen bulk diffusion coefficient attributed to
the high oxygen vacancy concentration can lead to the extension of the reaction zone from the
3PB area to the gas/electrode 2PB zone

12

. Secondly, there are dead terminators for oxygen

vacancy hopping. Oxygen vacancy will associate with the antisite defects and form positively
charged {Ba′Ln − VO∙∙ }∙ and charge-neutral {Ba′Ln − VO∙∙ − Ba′Ln }× clusters 13. This will result in the
selectivity of oxygen adsorption on the lattice. In addition, phase transition of double perovskite
2

materials may incur lattice parameter expansion, oxygen vacancy order/disorder transition,
which will affect oxygen surface exchange and bulk diffusion processes 9.
Considerable research on oxygen transport performance and ORR on the cathode is either
through experiment technique (ECR, IEDP, et al) or modeling (MD, DFT, ab initial). While
experiment technique is limited to dense electrodes, which missed the practical porous
electrodes. Besides, it is still not clear as to the details of the ORR rate-determining steps. It is
possible to address the issues of porous electrodes if referring to the characterization skills for a
catalyst. Therefore, a new vision that combines TGA, ECR, NPD, and EIS techniques may help
understand the ORR on the cathode and further improve the activation of the cathodes at a lower
temperature.
In the present study, LnBCO (PrBaCo2O6-δ, NdBaCo2O6-δ, YBaCo2O6-δ, and La0.5Ba0.5CoO3-δ)
double perovskites with prominent electric and ionic conductivity, excellent oxygen transport
performance are chosen as the potential cathodes. The electrochemical performance selects
PrBaCo2O6-δ (PBCO) as a promising cathode. The research is conducted on the structure
evolution of two different pristine PBCO (tetragonal and orthorhombic), thermodynamic
property comparison between them, combined effects of the above two terms to oxygen transport
in dense PBCO, and oxygen reduction reaction on porous PBCO electrode, both experimentally
and analytically.

3

Literature Review
2.1

SOFCs Cathode Materials

Figure 2.1 Schematic diagram of SOFC 14.

Solid oxide fuel cells are energy conversion devices that produce electricity by electrochemically
combining a fuel and an oxidant across an ionically conductive oxide electrolyte

15

. At present,

the typical SOFCs consist of YSZ electrolyte, Ni/YSZ porous anode, and LSM porous cathode.
Figure 2.1 illustrates the basic operating mechanism of SOFC. Oxygen is reduced to oxygen ions
at the cathode and then transported to the anode through the electrolyte. Fuel is then catalytically
oxidized at the anode by oxygen ion. The overall cathode reaction can be written as
1
2

O2 + 2e− + VO∙∙ = OxO

With this simple equation, the following features must be satisfied for SOFC cathodes 16:
•

Adequate electronic and ionic conductivity.
4

(2.1)

•

High catalytic activity for oxygen reduction.

•

Chemical stability and relatively low interactions with the electrolyte.

•

High compatibility with other cell components (electrolyte, interconnect, sealant).

Despite the high conversion efficiency of solid oxide fuel cells, the historic cell performance and
stability have limited its commercial applications

17,18

. A substantial amount of work has been

done on electrode reaction mechanism and how and why electrode performance changes with
cell operation conditions

10

. For example, the substitute of LSM cathode with LSCF MIEC

cathode introduced bulk ionic transport, then oxygen can be reduced to O2- over the electrode
surface, thereby extending the size of the active region and improving the kinetics at
temperatures below 800 ºC

19

. New cathodes have been investigated since oxygen reduction is

generally considered to be much more difficult to be activated than hydrogen oxidation when
temperature lowered to 600 ºC

20-28

. Compared to the traditional LSM and LSCF cathodes, the

newly developed cathodes tried to improve the activation of cathodes at lower temperatures and
address the long-term degradation issue.
2.1.1 ABO3 Perovskite Oxides
During the early stage of SOFC development, platinum and some other noble metals were used
as the cathode material

29-31

. However, platinum is expensive and its compatibility with the

electrolyte is not so good due to the TEC mismatch between metal and the ceramic electrolyte.
Less expensive perovskites, with their diversity in structure, chemical composition, and high
chemical stability have attracted much interest 32-36. Particularly, the application of Co- and Mncontaining perovskites as cathodes has been extensively studied for reasons of their high
electrical conductivity and catalytic activity for oxygen dissociation 37-40.

5

Figure 2.2 Schematic diagram of the ABO3 perovskite structure.

Figure 2.2 reveals the lattice structure of ABO3 perovskite. In general, in the perovskite-type
structure, the B site element is usually a transition metal with small radii closely bonded to six
oxygen atoms with a strong covalent nature, while the A site rare earth element coordinates to 12
oxygen ions with a strong ionic conductive nature 41. Considering the flexible choices at A and B
sites concerning not only wide size variety but also different valence combinations, perovskite
oxides are largely adjustable in terms of the electronic, ionic conductivities, TEC, catalytic
properties, chemical stability, etc

42

. The big tolerance of oxygen vacancy in the lattice entitles

such structure to attract transport property

43

. The stability of perovskite towards

𝑃O2 mainly depends on the A-site elements using rare-earths 19.
La1-xSrxMnO3±δ (LSM) is one of the most widely used and investigated cathode perovskite
materials in SOFC. Sr-doped lanthanum perovskites show both large oxygen excess under
6

oxidizing atmosphere and large oxygen-deficiency when in reducing gas atmospheres

44

. In the

oxygen-deficient region, oxygen vacancies are the main defects while in the oxygen excess
region metal vacancies are the main defects 45. Despite adequate electronic conductivity and the
good compatibility with YSZ electrolyte

46

diffusion coefficient are undesirably low

, the oxygen ionic conductivity and its oxygen tracer
47

. This limits the application of LSM cathodes to

SOFC operating at above 800 ºC.
The mixed ionic and electronic conductive perovskite La1-xSrxCo1-yFeyO3±δ (LSCF) is another
candidate material for SOFC cathodes. The cell performance can be greatly improved at
intermediate temperature because of the high ionic conductivity 48. However, the compatibility of
LSCF with YSZ electrolyte is an issue, due to the higher thermal expansion coefficient (TEC)
relative to the TEC of the YSZ electrolyte 49. GDC and LSGM have been substituted for YSZ as
an electrolyte for intermediate SOFC, due to their higher TEC 50.
2.1.2 Ordered Double-Layer Perovskite Oxides
With matched electrolytes, a series of high oxygen transport performance cathodes were studied
and developed. Among them, Ba0.5Sr0.5Co0.8Fe0.2O3-δ and double perovskite LnBaCo2O6-δ
(LnBCO) (Ln=La, Sm, Pr, Gd, Ho, et al) outstand with their excellent electro-catalytic activity to
ORR at intermediate operating temperatures

51,52

. Figure 2.3 shows the lattice structure of

LnBCO materials with single cubic, orthorhombic and tetragonal structures

53,54

. They can be

represented by the stacking sequence of｜LnOδ｜CoO2｜BaO｜CoO2 layers. The orthorhombic
and tetragonal structures consist of a cation-ordered sub-lattice with oxygen vacancy located in
layers 55. LnBCO materials were first being studied due to their magnetic properties with thermo-

7

driven phase transition phenomena

56-59

. Recently, they have also received attention with

excellent oxygen reduction reaction activity at low to intermediate temperature SOFC 60-64.

Figure 2.3 Schemes perovskite LBCO: (a) cubic, (b) orthorhombic, and (c) tetragonal 53,54.

2.2

Phase Transition of Double Perovskite LnBaCo2O6-δ

The stated LnBaCo2O6-δ orthorhombic structure materials have been investigated as SOFC
cathodes. However, it conflicts with the researchers that first studied the thermodynamic
property of this material

65

. SOFC researchers attribute the excellent oxygen transport

performance of LnBaCo2O6-δ to their cation-ordered-anion-disordered structure

66-68

. However,

condensed matter researchers assume LnBaCo2O6-δ to be a cation-ordered-anion-ordered
structure, especially for

LnBaCo2O5.5

69-71

. Under the circumstance of SOFC operating

temperature, there is a controversial issue on the phase of LnBCO as it will undergo a phase
transition at higher temperatures

72-75

. The phase transition may be an oxygen anion

ordered/disordered transition, leading to the blurry of the oxygen transport performance

8

explanation and mechanism analysis. Besides, phase transition may attribute to the sudden TEC
change that leads to the deterioration of the electrode/electrolyte interface.
The transition-metal oxides have been attracted a considerable focus since their extended use in
the field of materials science and application in energy-related realms

76-78

. Among them, cobalt

oxides are the subject of intensive studies. In cobaltites, the spin state degree freedom of Co ions
has introduced new interesting effects in the case of narrow-band oxides
families like misfit cobaltites for thermos-power applications,

80,81

perovskites as candidates or present charge ordering like Pr0.5Ca0.5O3
general formula LnBaCo2O6-δ

79

. Among other

or mixed-valence cobalt
82

, layered cobaltites with

have been demonstrated to be complex systems with very

enthralling phenomena like charge ordering

83,84

, metal-insulator transitions

56,85

, orbital order

variability 86, and also a large range of thermoelectric power 87. After the study by Troyanchuk et
al.

85

, the corner stonework by Maignan et al

56

discovered that the oxygen content of these

compounds can be controlled through different atmosphere treatments, for example, the inert gas
served orthorhombic LnBaCo2O5.5 oxides
obtained with air treatment

89

88

and the tetragonal LnBaCo2O5.75 compounds

. They both have ordering in alternating layers of Ba and Ln ions

and the tendency of oxygen vacancies to Ln planes forming the ordered patterns of cation sublattice.
The most alluring characters of LnBaCo2O6-δ double perovskites cobaltites in SOFC cathode
application are their high oxygen vacancy concentration and the resulting excellent oxygen bulk
diffusion performance. The vacancy concentration is highly related to cobalt valence. Besides,
the spin-charge-orbital that Co presents can facilitate the transition between different spin states
90

. The balance between the Hund’s rule and the crystal field, combined with the distortion in

octahedral or pyramidal coordinated oxygen domains can stabilize three different spin states: low
9

6
spin (LS), intermediate spin (IS), and thigh spin (HS) for both Co3+ (LS with 𝑡2𝑔
and S=0, IS
5 1
5
4 2
with 𝑡2𝑔
𝑒𝑔 and S=1, and HS 𝑡2𝑔
𝑒𝑔 with and S=2) and Co4+ (LS with 𝑡2𝑔
and S=1/2, IS with
3 2
4 1
𝑡2𝑔
𝑒𝑔 and S=3/2, and HS 𝑡2𝑔
𝑒𝑔 with and S=5/2) 90.

The average cobalt valence, as well as the coordination of Co in either octahedral or pyramidal,
is controlled through the tailoring of oxygen non-stoichiometry 91. This leads to the magnetic and
transport properties of these compounds being mainly dominated by the oxygen content. Take
YBaCo2O5

84

and TbBaCo2O5

92

as examples, with higher values of oxygen deficiency, they

easily exhibit cation-ordered structure. The competing ferromagnetic and antiferromagnetic
interactions will cause metal-insulator and spin-state transitions in oxides with δ=0.5

56,58,59,86,93

.

6
4 2
The metal-insulator transition is due to spin state change from Co3+ (𝑡2𝑔
) to Co3+ ( 𝑡2𝑔
𝑒𝑔 ) O6

octahedra

70

. For δ=0.5, it is verified that oxygen vacancies are filled in empty roles of oxygen

sites along the a-axis in the LnOδ planes. Along with this ordering, low spin states of Co3+ were
found to be orderly distributed in the structure below the transition temperature and high spin
states above transition temperature

70

. Another phenomenon that occurred for LnBaCo2O6-δ as

colossal magnetoresistance materials is the ferromagnetic-antiferromagnetic (FM-AFM)
competition

94

. Ordering oxygen in LnO layers into alternating empty and filled rows favors a

strong uniaxial anisotropy of Co3+ spins. In the FM phase, Co spins align along an oxygen-chain
direction forming ferromagnetic two-leg ladders, which interact with each other by the mediation
of nonmagnetic Co-O layers. In contrast to FM, this coupling turns out to be AFM at low
temperatures 93.
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2.3

Anisotropic Oxygen Ion Diffusion in Layered Cathodes

MIEC materials show priorities over traditional LSM cathodes in SOFCs applications,
particularly in the intermediate to low temperature range where cathode limits the cell
performance. A considerable amount of layered oxide materials have been found to present
remarkable properties as MIEC 8. So substantial studies have been devoted to better understand
and evaluate layered ordered structures.
Ruddlesden-Popper (RP phase) series and double layer perovskite materials have been widely
studied in cathode applications

95-101

. Table 2.1 compared some conventional layered cathodes.

The anisotropy of oxygen diffusion and the existence of cation-ordered structures improve the
oxygen transport properties compared to non-ordered compounds, leading to lower activation
energies and excellent oxygen surface exchange properties, which turn these materials into
suitable cathodes for operation at intermediate temperatures.
Ordered double perovskites with the general formula AA’B2O6-δ have been recently proposed as
next-generation cathode materials for intermediate to low temperature operation

102

. High

electronic conductivity was observed by Maignan 56 et al. for these layered perovskites above the
metal-insulator transition temperature. These material series are derived from 50% lower valent
substitution on the A-site of a normal perovskite oxide such that the general formula can be
written as A0.5A’0.5BO3-δ 103. This is the formula with two cations disordered occupying the A
sites. However, when the size difference between the two cations is significant they tend into
order and the formula is rewritten as AA’B2O6-δ 104. Taskin

105,106

et al. first investigated the re-

oxidation kinetics of GdBaMn2O6-δ in which the A cation sub-lattice can be either ordered or
disordered depending upon the preparation technique employed. The result presented shows that

11

the chemical diffusion coefficient of oxygen can be greatly enhanced with an A-site cation order
structure. Besides, oxygen self-diffusion coefficients were derived from their chemical diffusion
data using a thermodynamic enhancement factor

107

. Referring to these interesting works, two

groups have measured the diffusion of oxygen in ordered double perovskite materials using
isotope methods 52,101. The measured values are shown in Figure 2.4a-b.
Table 2.1 Summary of oxygen self-diffusion and oxygen surface exchange data and overall conductivity
for different SOFC cathode materials.

La0.8Sr0.2MnO3-δ

D*/cm2s-1
T=500 ºC
4.5×10-20

𝐸𝑎,𝐷 /
eV
2.80

k*/cms-1
T=500 ºC
3.1×10-11

𝐸𝑎,𝑘 /
eV
1.30

σ/Scm-1 T=500- Ref.
700 ºC
108-110
120-130

La0.8Sr0.2CoO3-δ

9.0×10-14

2.22

2.8×10-9

1.32

1500-1600

La0.5Sr0.5CoO3-δ

-10

1.41

-7

108,109,11
1

1.5×10

3.9×10

0.81

1300-1800

108,109,11
1

La0.6Sr0.4Co0.2Fe0.8O3-δ

1.2×10-10

1.39

3.3×10-9

1.60

250-300

111,112

Ba0.5Sr0.5Co0.8Fe0.2O3-δ

1.2×10-7

0.5

1.1×10-6

1.76

10-55

113,114

La2NiO4+δ

3.3×10-9

0.56

7.0×10-9

0.60

55-65

95,96

La2CoO4+δ

2.5×10-8

0.12

3.2×10-6

0.03

1-5

97,98

GdBaCo2O6-δ

2.8×10-10

0.6

7.5×10-8

0.81

550-925

99,100

PrBaCo2O6-δ

3.6×10-7

0.48

6.9×10-5

0.67

400-700

101

12

Figure 2.4 Arrhenius plot of (a) the oxygen tracer diffusion and (b) the surface exchange coefficients
obtained for R-P structures and double-layered perovskites 115.

For these cation-ordered double perovskites, oxygen Frenkel disorder is important since it
controls the concentration of oxygen defects which are the critical factor for oxygen transport in
LnBaCo2O5.5 13. There are six independent oxygen sites shown in Figure 2.5. Figure 2.6 presents
the defect energies of different oxygen vacancies for LnBaCo2O5.5 double perovskites. The
lowest energy vacancy positions are the O3 (located in LnO0.5 layers, see Figure 2.5), O4, and
O6 (located in the CoO2 layers)

13

. The O5 position (in the CoO2 layers) offers a low-energy

vacant site only for compositions with the smallest Ln cations. The O3 site energy also increases
consequentially with increasing Ln cation radius. The highest energy vacancy positions (more
than 2-4 eV) are the O1 and O2 positions, which are located in BaO layers. This suggests that if

13

oxygen transport is to occur through a vacancy hopping mechanism it will mainly be resstricted
into LnO0.5 and CoO2 layers, with very limited transport in or through the BaO layers. This
indicates the anisotropic diffusion mechanism. It is also verified by molecular dynamics
calculations in GdBaCo2O6-δ 11,66.

Figure 2.5 Crystal structure of LnBaCo2O5.5 with Pmmm space group, the Wyckoff oxygen ion 116.

Figure 2.6 Defect energies (eV) of different oxygen vacancies for the LnBaCo2O5.5 double perovskites 116.
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The work on GdBaCo2O5.5 demonstrated that oxygen transport is through a vacancy mechanism
and that cation anti-site defects can strongly depress the oxygen transport 66. Another conclusion
of the research on GdBaCo2O5.5 is that high cation disorder (anti-sites) converts the oxygen
transport mechanism from anisotropic to isotropic. Norby

117

has evaluated the phenomenon of

linked cation and anion ordering. Contrary to the belief that cation disordered structures are
better oxide ion conductors, Norby proposed that materials with cation order and anion disorder
exhibit high oxygen diffusivities. In fact, for Gd0.5Ba0.5CoO3-δ a fully disordered cation lattice,
defect trapping between the oxygen vacancies and the Ba′Gd anti-site was assumed to be
responsible for the calculated low diffusivity 66.
2.4

Oxygen Reduction in the Surface Process Limited Cathode

The cathode reaction mechanism is a critical issue for electrochemistry study in SOFC
application especially at low to intermediate temperatures. Researchers

118-120

have studied

electrode reaction mechanisms, developed new electrode materials and characterized their
microstructures, and elucidated the typical structure-property-performance relationship. The
electrode crystal structure determines the intrinsic oxygen transport property. The typical SOFC
cathode porosity is ~ 30% and the thickness is ~ 30 μm. Based on this, electrode performance
deteriorates with time, temperature, thermal cycling, impurities, or other factors that have been
investigated and mitigated.
In the traditional case of SOFC cathode, the oxygen reaction at the gas/electrode/electrolyte
triple phase boundary (3PB) and the electrode performance models based on it have guided the
design of electrodes 121. However, the mechanistic insight in a deeper understanding of the SOFC
cathode reaction is poor. The electrode reaction was separated into elementary steps, including
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the

adsorption,

dissociation,

gas/electrode/electrolyte interface

and
122

reduction

of

oxygen

at

the

gas/electrode,

. Following this work, diffusion processes were recognized

limiting electrode performance and can imitate the activation behavior

123

. To enlarge the

activation area of the cathode, bulk ionic conductive oxides are introduced, for example, La1xSrxCo1-yFeyO3-δ

(LSCF)

124

. Oxygen can be reduced to O2- over the electrode surface, thereby

extending the size of the active region. A thorough elucidation includes useful information on
how to improve cell performance. Limited by the development of solid-state ionic conductivity
theories, researchers have matured SOFC cathode models over the past 20 years.
Aqueous solutions are the traditional domain of electrochemical system studies 125,126. Therefore,
generally accepted conclusions and common investigation methods of the aqueous system are the
basis for SOFC cathode studies. However, the solid-state system is more complex compared with
the aqueous system. First, there is a three-phase boundary (3PB), where gas molecular, cathode,
and electrolyte materials meet. Meanwhile, gas/cathode and cathode/electrolyte two phase
boundaries (2PB) also exist at the cathode side. The parallel 3PB and 2PB pathways provide
competing routes for oxygen reduction 127, see Figure 2.7.
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Figure 2.7 Schematic description of bi-pathway dominated oxygen reduction on MIEC cathode (LSM).

In aqueous systems, only ion diffusion occurs while for SOFC cathodes oxygen gas and ions will
diffuse against the electrons 10. Finally, the double layer formed on the electrode is different. For
the aqueous system, usually, the inactive ions in the solution will move to the electrode surface
under the electrical field. However, on the surface of the SOFC cathode, adsorbed atomic oxygen
or ions will form the double layer. Figure 2.8 profiles several typical rate-determining steps in
the oxygen reduction reaction

10

. Oxygen molecules are commonly adsorbed onto one or more

solid surfaces, where they experience catalytic or electro-catalytic reduction steps to form
partially or fully reduced ionic or atomic species

128

. These electroactive species need to

transport along surfaces, interfaces, the bulk of the electrode to the electrolyte, where the fully
reduced oxygen ions are being diffused to the anode side to oxidize the forming gas electrocatalytically. Among several transport pathways, the rate-determining for a certain electrode
needs to be investigated in detail regarding their specific intrinsic properties, microstructure, and
operating conditions.
17

Figure 2.8 Mechanisms thought in governing oxygen reduction in SOFC cathodes. Phases α, β, and γ
refer to the electronic, gas, and ionic phases respectively 10.

One of the most widely experimental techniques to analyze gas diffusion electrode is
electrochemical impedance spectroscopy (EIS) 129. It identifies the reaction steps via a time scale
calculated from the characteristic frequency

130,131

. The general analysis of impedance is by

equivalent circuit fitting. The high capacitance from the low-frequency profile cannot explain the
traditional double layer polarization resistance at an electrode/electrolyte interface

132

. The low-

frequency arcs are supposed to oxygen concentration changes in the gas/electrode two-phase
boundary, indicating a concentration over-potential instead of kinetics resistance 133.
Silver on the YSZ system was adopted to study the diffusion-limited kinetics of oxygen reaction
134

. The impedance of silver electrodes was tested as a function of T (600 ºC to 800 ºC),

𝑃O2 (0.01 to 1.0 atm). Figure 2.9a presents a Nyquist plot of the impedance under one set of
conditions. The profile is fitted into two parts a very low-frequency one (0.01 to 1 Hz) and
another one (~ 10 Hz). The author stated that the low-frequency polarization resistance is mainly
associated with adsorption and diffusion inside the silver droplet. The proposed mechanism is
demonstrated in Figure 2.9b. It is explained that atomic oxygen was first dissolved in the silver
to be reduced to oxygen ions and then transported into the silver/YSZ interface. The depletion of
oxygen in the metal close to the silver/YSZ interface creates a chemical potential for dissolved
oxygen to diffuse to the interface from the bulk of the silver, results in the diminishing of the
18

dissolved oxygen near the silver/gas interface. Depletion of oxygen in silver with relate to gas
facilitate the dissociative adsorption of gaseous O2 into the silver. Consequently, gas diffusion is
proved to mainly contribute to the limits of the overall reaction. This is the only mechanism that
elucidates the large capacitance of the electrode (larger than 1 F/cm2). The fact is that the
reaction is rather co-limit by several steps than just one. The 45º relationship is not restricted to
the finite diffusion limit. It can also be a semi-infinite diffusion limit. It is an indicator of the gas
diffusion limit.

Figure 2.9 a) Impedance of a single silver droplet solidified on YSZ, measured at 700 ºC in oxygen, b)
interpretation of the impedance in terms of bulk adsorption and transport on oxygen in silver 135.

SOFC cathode models can be categorized by dimensions, model setup method, the scale of
models. There are 1-D, 2-D, and 3-D models according to the dimension 127,136,137. Further, some
reported SOFC cathode models based on the theory viewpoint

138

while others based on

experimental data 139. For example, some studies on the ORR at 3PB had been done based on the
19

SEM morphology
macro models

142

140

. Finally, SOFC cathode models can be divided into micro-models

141

and

according to different investigation scales. The former studies the detailed

cathode reaction elementary steps and the latter mainly considered the entire effect of the factors
such as porosity, gas flow rate, temperature, etc. Since our work focused on micro-scale oxygen
transportation kinetics, the development of SOFC cathode micro-models will be reviewed. Thus
far, the most controversial issue is whether ORR is controlled by a chemical process or an
electrochemical process.
2.4.1 Pure Chemical Process
Adler developed a model which assumes the SOFC cathode reaction as a pure chemical process
in 1996, as shown in Figure 2.10, Adler et al 143 stated that the overall cathode reaction occurred
via three reactions: (1) charge transfer of oxygen vacancies across the cathode/electrolyte
interface; (2) charge transfer of electrons across the current collector/cathode interface; (3)
chemical exchange of oxygen at the gas/cathode surface. This model is valid for mixed
conductors LSC.

Figure 2.10 Scheme of the reaction mechanism in Adler’s model.
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Only the oxygen diffusion and exchange at the electrode/gas interface contribute to the cathode
kinetics in this model. To clarify the chemical contribution, either the surface exchange and
solid-state diffusion or the gas phase diffusion was considered as the rate-determining step of the
entire cathode reaction. Their models showed, when the former steps dominated, the total cell
impedance would reduce to:
1

𝑍 = 𝑅chem √1+𝑗𝜔𝑡

chem

(2-2)

When the gas phase diffusion was the limit step, the overall cathode reaction impedance was:
𝑅gas

𝑍 = 1−𝑗𝜔𝑅

gas 𝐶gas

(2-3)

𝑅chem and 𝑅gas are characteristic resistances, 𝑡chem is a relaxation time of oxygen surface
exchange and 𝐶gas is the effective capacitance with gas diffusion polarization. Their results
showed that the ion conductivity of the cathode would considerably affect the electrode kinetics.
To verify this simulated result, Adler et al

143

. compared the measured ac response of a

symmetrical cell, which is composed of La0.6Sr0.4Fe0.8Co0.2O3-δ electrodes and Ce0.9Gd0.1O2-x
electrolyte. As Figure 2.11 presents, the measured plots agreed well with the calculated results.
Adler also proposed the concept of an active length 𝑙δ which described the extension of the
reaction zone beyond the three-phase boundary. The extension length was calculated with the
chemical capacitance and reached to few microns.
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Figure 2.11 Plot of measured (circles) and calculated (squares) complex impedance of a symmetric cell in
different 𝑃O2 at 700 ºC.

Adler’s work offered valuable insight into the cathode reaction mechanism. However,
researchers doubted whether it is reasonable to deem all the reduction reactions occurred at the
electrode/gas interface

144

. Besides, if the oxygen is reduced to ions, the oxygen surface

exchange should be defined as a charge transfer process. Adler responded to these criticisms in a
subsequent paper

145

, where he argued that the oxygen reduction should only occur at the

electrode/gas interface since matter cannot pass through a truly 3PB. He also clarified the charge
transfer and non-charge-transfer definitions. “Charge-transfer” involves any charged species
driven directly by electrochemical gradients and its rate always proportional to the current. On
the other hand, “non-charge-transfer” involves neutral species or neutral combinations of species
driven by chemical potential and its rate independent of the current.
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ORR was discussed based on symmetrical cells in this paper145. The author concluded that the
ORR was retarded by the oxygen diffusion step and the diffusion process was independent of the
electrochemical factors since molecular oxygen is neutral. The model ignored the effects of
electron holes inside the mixed conductor. However, they would certainly affect the ORR.
Furthermore, since the electrons and oxygen vacancies are chargeable, electrochemical
conditions may control their diffusion process. Therefore, Adler’s model may be more suitable
for the starting period of the fuel cell operation.

Figure 2.12 Sketch of Svensson’s model considering chemical and electrochemical reactions.

Svensson et al. developed a physical model considering both the chemical and electrochemical
reactions to illustrate the possible oxygen transport pathways on SOFC cathodes
23

146-148

. As

shown in Figure 2.12, the first step of oxygen reduction is the adsorption and dissociation of
neutral oxygen at the gas/cathode and gas/electrolyte interfaces. Then the absorbed oxygen atom
will combine with the oxygen vacancy to form lattice oxygen. The two-step reactions can be
written as:
kads kdes

O2 (g) + 2ads ↔
ko kr

Oads + VO∙∙ ↔

2Oads

ads + 2h∙ + Oxo

(2-4)

(2-5)

Svensson assumed that there could have intermediate oxygen species at the cathode/electrolyte
interface

148

. Those species would combine with either the vacancies of the cathode or the

vacancies of the electrolyte. The reaction occurring at the gas/cathode surface was considered
chemical since no charge transfer was involved, while the one occurring at the electrolyte surface
was considered as an electrochemical process. Therefore, different from Adler’s model,
Svensson et al. introduced over-potential into their model to express the equilibrium deviation of
the surface exchange reaction occurring at the electrolyte surface. According to Svensson’s
study, a limiting current was predicted at high over-potential due to depletion of oxygen at the
cathode/electrolyte interface. Besides, they found there was a correlation between the limiting
current and 𝑃O2 (i  𝑃On2 ). When the surface exchange process was the rate-limited step for the
cathode reaction, the value of n was between 0.58 and 0.74. Smaller n values (0.26<n<0.56)
were predicted for a slow adsorption process.
With Svensson’s model, the influence of surface and bulk transport processes for SOFC cathode
reaction can be described, but the contribution of each process cannot be quantitatively
determined. To answer this question, Coffey et al

24

149

proposed a continuum model which

simultaneously considered both pathways, as shown in Figure 2.13. They considered that oxygen
may transport through the triple-phase boundary (3PB) and the two-phase boundary (2PB)
between the cathode and electrolyte. B-V equations for the surface over-potentials were taken as
the boundary conditions in this model. Since the total voltage drop across the cathode-electrolyte
interface is independent of the transport path chosen, the over-potential for the 3PB path can be
deemed as the over-potential for the entire reaction. However, although Coffey treated the
reactions occurring at 3PB and 2PB interfaces as electrochemically driven reactions, oxygen
reduction occurring at the cathode surface was considered as a chemical reaction since there is
no net change at the cathode.

Figure 2.13 Cross-sectional scheme of the physical structure and chemical reactions occurring at porous
SOFC cathode.
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In 2006, researchers from NASA build a SOFC model for stack controls and stability design 150.
The cathode elementary reactions were associated with oxygen adsorption, dissociation,
diffusion, and electronation. The charge transfer pathways can be presented as below,
kads, kdes

O2 (g) + 2s ↔

2Oads

klc, k−lc

Oads + VO∙∙ + 2e− ↔

s + Oxo

(2-6)

(2-7)

where s is the concentration of vacant surface sites. From the cathode reaction mechanisms
stated above, researchers considered the oxygen reduction as a pure chemical process because
they thought there was no net charge transfer and charged intermediate cannot stay at the
interface. However, charged intermediates are possibly formed during the real oxygen reduction
reaction. Furthermore, although there may be no net charge transfer at the interface many
researchers hold that the reaction should be considered as an electrochemical process since its
reactants and products are charged particles.
2.4.2 Electrochemical Process
Considering oxygen reduction is a reaction involving charged particles, many researchers hold
that the cathode reaction of SOFC is an electrochemical process. It is accepted that the surface
over-potential influences the entire cathode reaction. Besides, researchers argue that oxygen
reduction is not completed in one step which means some intermediates exist during the reaction
process. So, absorbed and charged intermediates will be affected by the surface over-potential.
Liu and Winnick 151 investigated the reactions occurring at MIEC/gas interface. They considered
the oxygen reduction reaction involving several intermediates. Possible reaction processes are
listed below:
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Figure 2.14 Possible oxygen reduction processes by Liu et al 151.

Further, Liu et al.

151

discussed the effects of the electrical state on the rate of interfacial

reactions. Based on their analysis, the oxygen reduction rate depends critically on the electrical
state of the MIEC/gas surface. Hence the reaction was considered electrochemical.
F. H. van Heuveln

152

considered the existence of O− , O−
2 during the oxygen reduction process,

and assumed the three possible charge transfer pathways. La0.85Sr0.15MnO3 cathode was prepared
by tape casting on a pre-sintered YSZ pellet. Electrochemical resistance and Tafel plots were
measured to verify van Heuveln’s model. The experimental results indicated that diffusion of
O−
ads species from the LSM surface to the 3PB area will compete with charge-transfer at low
over-potential. The diffusion limitation disappears at high cathodic over-potentials. On the other
side, the model’s simulation results also proved that the diffusion process is influenced mainly
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by the over-potential. However, in van Heuveln’s model, the reduction occurring at the
gas/cathode surface was ignored and the MIEC was treated similarly to the metal electrode.
Mitterdorfer

153

also thought O− , O−
2 may exist during the reduction process. He developed a

physical model to explain how oxygen transport from the LSM cathode to the YSZ electrolyte.
The reactions can be described as follow:

O2 (g) + e− + s ↔ O2− (ads)

(2-8)

−
−
O−
2 (ad) + e ↔ 2O (ads)

(2-9)

O− (ads) + e− + VO∙∙ ↔ OxO + ad(ads)

(2-10)

In Mitterdorfer’s model, LSM had been considered as a pure electronic conductor. The oxygen
ions were assumed to be formed only at the 3PB area.
Chan et al. developed a micro-model using an LSM electrode

154

. All possible polarizations

which govern the complex interdependency among the transport phenomena, electrochemical
reaction, and microstructure of the electrode and their combined effect on the cathode overpotential under different operating conditions had been considered in this model. They claimed
that when the applied oxygen partial pressure was lower than 0.1atm, a third arc can be seen in
the low-frequency band of impedance spectra which is due to gas phase diffusion.
Chan applied the reaction steps of van Heuveln’s model to develop their model. The difference is
that Chan et al. established a correlation between the microstructure and the cathode
performance. According to the simulation results, a larger cathode crystallite size requires a
thicker cathode for cathode over-potential. Furthermore, the current density and oxygen partial
28

pressure was found to not affect the optimal electrode thickness value. However, current density
and oxygen partial pressure will affect the optimal crystallite size since the cathode porosity and
tortuosity change with applied current or gas atmosphere change.
Bilge Yildiz set up a 2-D physical model that includes the effect of both surface and bulk
pathways under different operating conditions and electrode configurations
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. The possible

surface and bulk pathways were shown below, and AC impedance spectra of LSM electrode
were applied to verify Yildiz’s model:
To prove that the intermediates are likely to exist during the oxygen reduction process, Liu et al.
investigated the oxygen reduction process on a silver electrode surface using the first-principles
calculations based on the density functional theory and pseudo-potential method
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. The

calculation results suggest that the oxygen reduction reaction on silver cathode can be described
as:

2−
−
2−
O2 (g)(+e) →O−
2 (+e) → (O2 + 2e ) → 2O

(2-11)

Since a metal electrode has been studied in this work, the calculation results show that the
oxygen reduction and the incorporation of the dissociated O ions in the oxide electrolyte prefer
the 3PB region as it should be. For MIEC electrodes, because oxygen vacancy may exist inside
the material, the reduction process will not only occur near the 3PB region. However, although
this work offers some evidence for the intermediates, it’s not so convincing that they will appear
in perovskite MIEC. Therefore, researchers still examined new ways to verify the existence of
the intermediates and to confirm the intermediates appearing during the reduction process.
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Since researchers considered the cathode reaction as an electrochemical process, surface overpotential needs to be introduced into their simulations. To make a clear idea on this issue, first,
we need to know what the over-potential is and how it is generated. Over-potential refers to the
potential difference between a half-reaction’s thermodynamically determined reduction
equilibrium potential and the potential at which the redox event is experimentally observed. For
an aqueous system, the over-potential is formed at the electrode/electrolyte interface. For the
SOFC cathode, the over-potential exists not only at the electrode/electrolyte interface but also at
the gas/electrode interface and the TPB area. And there are three different parts for the overpotential: overpotential caused by the material’s resistance, over-potential caused by the surface
exchange process, and over-potential caused by the oxygen ion diffusion.
J. Fleig discussed MIEC surface over-potential as caused by surface charge transfer process157.
Figure 2.15 depicts the over-potential difference between a liquid electrolyte system and the
SOFC cathode. For a metal electrode in an aqueous electrochemical system, electron and ion
transfer only occur at the electrode/electrolyte interface so the over-potential can only be formed
at the electrode/electrolyte interface. However, for mixed conducting electrodes, electron and ion
transfer also occur at the electrode/gas interface. Hence it’s necessary to introduce the term of
surface over-potential change Δχ into the simulation. Fleig discussed the application of Δχ under
electron transfer step control and ion transfer step control conditions. He also studied the
relationship between MIEC surface over-potential (Δχ) and electrode/electrolyte interface overpotential (η).
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Figure 2.15 Schemes of electron and ion transfer reactions at (a) metal/liquid electrolyte and (b)
MIEC/solid electrolyte interfaces.

In later work, the equivalent circuit based on the understanding of the oxygen reduction
pathways

was

presented,

as

Figure

2.16

shows

158,159

.

La0.6Sr0.4Co0.8Fe0.2O3-δ,

Ba0.5Sr0.5Co0.8Fe0.2O3-δ and Sm0.5Sr0.5CoO3-δ thin films were applied to study the oxygen
reduction. Thin films and patterned electrodes are usually used for investigating over-potential
effects because it is possible to precisely control the geometry related to the triple-phase
boundary and bulk reaction pathways. Based on the ac and dc resistance measurements, Fleig
claimed that the capacitance in Figure 2.15 was a constant phase element (Q−1 (iω)−n ) with
exponents close to one. And they found for the investigated materials, the oxygen exchange
reaction on the MIEC surface limited the kinetics of the overall oxygen reduction reaction. On
the other hand, according to the experimental results, Ba0.5Sr0.5Co0.8Fe0.2O3-δ exhibited the lowest
surface-related polarization resistance compared to the other two materials.
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Figure 2.16 Sketch of Nyquist plots of MIEC electrodes, equivalent circuit, and the ORR process.

Liu developed a 2-D model based on Fleig’s theory of MIEC surface over-potential
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. Figure

2.17 depicts their model geometry. As Figure 2.17b shows, the dashed-line box is the 2-D
investigated region. The gas exposure surface reactions were assumed as below:
1

O2 + s → O′ads + h∙

(2-12)

O′ads +VO∙∙ → OxO + h∙ + s

(2-13)

2

The reaction rate had been discussed in their previous work 161. The simulation results show that
under low over-potential the ionic transportation will be the rate-limiting step which means low
over-potential (50mV) does not affect oxygen reduction. Under high over-potential (750mV), the
sheet resistance will control the reaction rate which means that the surface exchange step will be
the rate-limiting step.
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Figure 2.17 Scheme of the 2-D model (a) patterned electrode array (b) symmetric 2-D cross-sectional
model domain.

Gong et al developed a 1-D continuum model based on LSM-type cathode by incorporating
multi-step charge transfer into the bi-pathway kinetics, as shown in Figure 2.7

127

. The surface

3PB pathway and the bulk 2PB pathway model were established to provide a numerical
treatment method to analyze multi-step charge transfer. The finite control-volume method is used
to simulate the pathway kinetic competition, and a parametric study is performed with different
equilibrium concentrations of surface oxygen ion and bulk oxygen vacancy. The I–V profiles
show the kinetic transition from 3PB-control to 2PB-control at overpotentials from −0.2V to
−0.4V, and the active reaction zone in concentration profiles expands from 3PB/2PB interfaces
by 2–4 μm. The exchange and local 3PB currents recognized from simulation indicate the limit
of surface oxygen diffusion as the mechanistic process for pathway transition. The surface
reaction elementary steps S1-S4, and the bulk reaction elementary steps of B3 and B4 are listed
in Table 2.2. The bulk 2PB reaction shares the S1 and S2 two steps with the surface 3PB reaction.
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Table 2.2 Electrode processes assigned to each elementary step in surface and bulk pathways 127.
Reaction
Pathways

Process description
steps

S1

S2

Dissociate oxygen adsorption (S:

kS1

1/2O2 + S ↔ Oads

surface adsorption site)
Oxygen intermediate formation (1st

k
− S2

O−
ads

Oads + e ↔

step charge transfer)

Surface
kS3

S3

−
O−
ads ↔ OTPB

S4

O−
TPB

+e +

O−
ads

−

B3

−

+e +

Surface diffusion towards 3PB

kS4
∙∙
VO,YSZ
↔

3PB incorporation of oxygen
OxO

kB3
∙∙
VO,MIEC
↔

intermediates
Reaction of vacancy from MIEC

OxO,MIEC

bulk with surface intermediates

Bulk
B4

2PB exchange between YSZ and

kB4

∙∙
∙∙
OxO,MIEC + VO,YSZ
↔ OxO,YSZ + VO,MIEC
+S

MIEC

The literature reviewed in this part has evidenced that the oxygen reduction mechanism in the
SOFC cathode is complex. Although various experimental methods have been utilized to verify
model results, differences of opinion still exist among researchers. Several main debated issues
about SOFC cathode reaction mechanisms are summarized as below: (1) Reaction intermediates:
Different elementary reactions were proposed by researchers for the same entire oxygen
reduction reaction. Adsorbed oxygen atoms, O− and O−
2 all possibly appear via one or more
steps. The surface over-potential needs to be considered when there are chargeable intermediates
during the reduction process. However, based on the presently investigated literature, it is still
difficult to determine which intermediates exist in the reaction. (2) Reaction region: Generally,
the 3PB region was supposed to be the main reaction region. However, since the cathode
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material is a mixed ionic and electronic conductor, oxygen reduction also may occur at the
gas/cathode surface. Therefore, two charge transfer pathways will co-exist and may compete
under different operation conditions. (3) Rate-limited steps: The global oxygen reduction can be
divided into several elementary reactions according to the understandings of the oxygen
reduction mechanism. Besides the reduction reactions, oxygen diffusion is the other step for the
cathode reaction process. Rate-limited step determination under different conditions is important
for optimizing the cathode and improving the cell efficiency. (4) Geometry factors: Cathode
geometrical factors such as porosity, tortuosity, and TPB length are important for SOFC cathode
modeling. They will affect the gas diffusion process and cell performance. Because the shape
and the distribution of the pores inside SOFCs cathode are random, it’s difficult to get an
accurate simulation result. Some researchers applied a factor parameter to minimize the errors
caused by ignoring the geometry effects. Most researchers used a computer to build up a random
microstructure with some input parameters. An effective way is to get part of the microstructure
information from the experimental method first, then use a computer program to simulate the
entire cathode reaction process.
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Research Objectives
Develop a double perovskite cathode with high performance for SOFC.
Evaluate the structure of the developed materials in both air and nitrogen, chemical bonding,
electrical conductivity, and the electrochemical performance of symmetrical cells and threeelectrode cells.
Investigate the crystal structure of PBCO material with two pristine phases (tetragonal and
orthorhombic) with Neutron Powder Diffraction (NPD) and Transmission Electron Microscopy
(TEM).
Measure the oxygen non-stoichiometry values within the intermediate-temperature SOFC range.
Study and compare the thermodynamic property of PBCO based on the relation between oxygen
non-stoichiometry δ, temperature T, and oxygen partial pressure 𝑃O2 .
Analyze the thermodynamic property based on the crystal structure investigation.
Characterize and compare the oxygen bulk diffusion performance of PBCO cathodes.
Investigate the influence of phase structure evolution and thermodynamic property on the oxygen
transport performance in PBCO cathodes. Study the oxygen vacancy formation and migration
energy of tetragonal and orthorhombic PBCO.
Research the oxygen reduction reaction (ORR) on PBCO cathodes and determine the ratedetermining step.
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Experimental Methods
4.1

Synthesis of Materials

The PBCO powders were synthesized through EDTA-citrate complex sol-gel process

162

. A

stoichiometric amount of raw materials Pr(NO3)3•6H2O, Ba(NO3)2•6H2O, Co(NO3)2•6H2O (from
Alfa Aesar or Acros Organics), were dissolved in distilled water in one beaker (solution 1). In
another beaker, the mixture of ethylenediaminetetraacetic acid (EDTA) (Alfa Aesar) and a
suitable amount of diluted ammonia (Alfa Aesar) were heated and stirred until a clear solution
was obtained (solution 2). Solution 2 was mixed into solution 1 and citric acid was (Alfa Aesar)
added. The molar ratio of metal ions: citric acid: EDTA was 1:1.25:1. The purple solution was
adjusted to pH=6 with diluted ammonia and held on a hot plate at about 110 ºC for several hours
with stirring until gelation formed. The gel was heated at 220 ºC overnight to drive off the liquid
and form porous black ash.
The black ash was fired at about 450 ºC with intermittent stirring until all organic residues are
eliminated. The black precursor was obtained after this low-temperature treatment. This is the
most important step during the synthesis process. As abundant EDTA was added into the
solution, the organics in the precursor must be eliminated thoroughly before a phase formation,
especially for a big batch. Otherwise, some carbonized organics will stay in the precursor and
form amorphous structures with a metal oxide or change the local condition for the phase
formation.
Similar synthesis routines with a thorough organic residues elimination process were applied to
all materials (PBCO, NBCO, YBCO, LBCO) in this work.
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4.2

Fabrication of Cells

4.2.1 LnBCO Symmetrical Cells
LnBCO symmetrical cells with GDC electrolytes were fabricated by the screen-printing method.
GDC pellets (diameter is 16mm) were sintered at 1400 ºC in the air for 4 h. The diameter of the
sintered electrolyte discs was about 13mm. To make cathode slurry, the as-synthesized tetragonal
and the pristine orthorhombic LnBCO powders were ground in an ink vehicle (Fuel Cell
Materials Co.) with the weight ratio of cathode powders: vehicle 10:14. Cathode slurry was print
coated onto both sides of the electrolyte symmetrically. The number of print-coating cycles
depended on the designed electrode thickness. Typically, a single print-coating resulted in 10 μm
in thickness after sintering. The effect electrode area was 0.7 cm2 on each side. The as-fabricated
symmetrical cells were sintered at 1000 ºC for 2 h in the air to achieve a good interface
connection and a porous electrode. The silver paste was brushed on both sides of electrodes as
the current collector, followed by heating at 650 ºC for 0.5 h.
4.2.2 LnBCO Three Electrodes Cells
LnBCO three-electrodes cells with GDC electrolytes were fabricated by the screen-printing
method. GDC pellets (diameter is 16mm) were sintered at 1400 ºC in the air for 4 h. The
diameter of the sintered electrolyte discs was about 13mm. To make working electrode slurry,
the as-synthesized tetragonal and the pristine orthorhombic LnBCO powders were ground in an
ink vehicle (Fuel Cell Materials Co.) with the weight ratio of cathode powders: vehicle 10:14.
Working electrode slurry was print coated onto one side of the electrolyte. The effect electrode
area was 0.7 cm2. The cells were sintered at 1000 ºC for 2 h. The counter electrode silver paste
(Fuel Cell Materials Co.) was symmetrically printed onto the opposite side of the cathode. Silver
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wire (Surepure Chemetals) was used as a reference electrode and embedded into the middle
circle of the electrolyte cross-section with silver paste. The cells were then sintered at 650 ºC for
0.5 h to get a good connection with silver paste.
4.3
4.3.1

Materials Characterization
XRD, SEM, and EDS

The powder phase purity and mixture powders compatibility were examined through X-ray
diffraction (XRD, PANalytical X’pert PRO, and Burker AXS, Cu Kα radiation, model number
PW 3040 Pro, National Energy Technology Laboratory). The instrument power was set to 45 kV
and 40 mA. The normal XRD patterns were collected with a 0.026º/s scan rate and a 120s step
time. The detailed scans were collected using a 0.013º/s scan rate and 400s step time for
refinement use. Commercial software Jade 6.5 and X’pert Highscore Plus were used to analyze
XRD spectra.
In-situ XRD was performed to evaluate the change in the crystal structure of the LnBCO
materials during heating under conditions similar to those used for calcination. The sample was
placed in an 8mm alumina sample holder in an Anton Parr HTK 1200N high-temperature oven
chamber. A TCU-1000N control unit, with a Eurotherm 2604 controller was used to control
temperature, the PBCO materials were heated from room temperature to 700 ºC with 500 ºC, 550
ºC, 600 ºC, 650 ºC, and 700 ºC as the target temperatures. Instrument settings were similar to
those described earlier, as were the scan parameters 0.013º/s scan rate and a 400s step time. The
heating profile was similar to the calcination used for powder preparation. A 5 ºC/min ramp rate
was used to heat from ambient to 273 ºC where the first scan was performed. The materials were
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then heated incrementally by 5 ºC/min to 500 ºC to 700 ºC, with 6 isothermal scans performed at
each temperature.
The Rietveld refinement of the PBCO crystal structure was performed with software TOPAS
Academic v6. The instrument profile and detector zero were obtained from the refinement of an
external silicon standard. The background was modeled using a fifth-order polynomial function,
the peak shape was modeled using the modified Thompson-Cox-Hastings pseudo-Voigt function
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. The peak broadening was modeled by the crystallite size function. The initial structural

model was from the Crystallography Open Database (COD), #00-053-0131 and #04-013-5730.
The site occupancies of the elements (Pr, Ba, Co, O) were from the nominal chemical
composition.
Scanning Electron Microscopy (SEM, JEOL JSM-7600F, Hitachi S-4700) and Energy
Dispersive X-Ray Spectroscopy (EDS) (National Energy Technology Laboratory) were utilized
separately or together to observe the microstructure and the distribution of the elements of the
powders and cells. Data collection was operated with a working distance of 12 mm, voltage 15
kV, current 10 μA. The sample was coated with an Au conductive layer in a sputter chamber
(Denton Desk V Sputter and Carbon Coater) before SEM characterization.
4.3.2 Transmission Electron Microscopy Sample Preparation and Characterization
The mixture of the synthesized PBCO powder (wt.% 61.41%), XYLENE (wt. %: 15.55%, Alfa
Aesar), Ethanol (wt.%: 15.55%, Alfa Aesar), and Fish oil (wt. %: 1.3%, Alfa Aesar) was heated
and stirred in a 50 mL beaker until a clear solution 1 was obtained. Butyl Benzyl Phthalate
(wt. %: 1.55%, TCW), Polyvinyl Butyral (wt. %: 3.08%, TCW), Polyethylene glycol (wt.%:
1.55%, Alfa Aesar) were added to the solution 1, then heated and stirred until a clear solution 2
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was obtained. The 5 mL dropper was used to drop solution 2 on a glass plate. A tape with 20micron thickness was pasted on the glass plate to avoid trickling. The glass plate was then put
into a fume hood and wait until the plastic thin film dry. The thin film was peeled off the plate
and then sintered at 1100 ºC for 2 hours in air and nitrogen, respectively. The wafers were then
used for TEM sample preparation and characterization. The pretreatment on the PBCO powders
with the above process can avoid the drawback of TEM characterization on powders and save
the pellets milling and the thinning time with the Focused Ion Beam (FIB).
The wafers were thinned with FEI Plasma Dual Beam FIB and characterized with JEOL JEM2000EX TEM (Materials CharaTECrization Facility, Carnegie Mellon University). The data and
morphology were analyzed with Gatan Microscopy Suite Software.
4.3.3 Neutron Powder Diffraction and Rietveld Refinement at Oak Ridge National
Laboratory
Neutron diffraction can be utilized to gain similar information about the crystal structure as Xray diffraction with a few key differences in the measurement and the information gained about
each atom. It utilizes neutrons rather than X-rays as the scanning beam. The neutron passes
through the electron cloud (which reflects X-rays) without interaction and instead interacts
directly with the atom’s nucleus. Also, rather than measuring the scattering angle, neutron
diffraction is measured using neutron time-of-flight scattering, where the initial neutron beam
has a fixed initial position and velocity. This beam is broken into individual pulses, allowing the
measurement of the position of deflected neutrons as well as the time after the pulse when they
are detected. For a time-of-flight diffractometer, the time-of-flight can be linked to the
diffraction through a combination of Bragg’s law (Equation 4-1) and the de Broglie relation
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(Equation 4-2). This information can be utilized to determine the momentum and energies of the
deflected neutrons and thereby provide accurate information about the crystal structure of the
sample.
𝑙 = 2𝑑ℎ𝑘𝑙 sin𝑄
ℎ
𝑙

(4-1)
𝐿

= 𝑚𝑛 𝑡

(4-2)

For the neutron diffraction data, the lattice parameter, oxygen fractional occupancy, isotropic
atomic displacement parameters for each atom, and profile parameters (γ1, σ1, and σ2) were all
refined for each phase individually. Atomic displacement parameters were typically refined for
each crystallographic site, as for a disordered structure it is impossible to distinguish between
elements located on a singular site. The DIFA and absorption parameters were constrained to be
the same for all of the data sets for a given sample, as these should be constant with temperature.
The scale factor was held constant when no change in phase was expected.
Each Rietveld refinement starts with default values with only instrument parameters, crystal
symmetry, and atomic positions manually entered. From there, each refinement refines all
parameters independently of all other refinements. The reported values and trends in oxygen
stoichiometry (decreasing with increasing temperature and decreasing 𝑃O2 ) and anisotropic or
isotropic unclear density (increasing with increasing temperature and decreasing occupancy) are
only compared at the end of all refinements and serve as a check on the relative accuracy of the
refinements. Additional checks for accuracy include similar occupancy determination for the
same, or very similar, materials by different research teams utilizing different diffractometers
and sample environment systems
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, and the correlation between structure controlled and

diffraction determined oxygen stoichiometry.
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The powder Neutron Scattering diffraction pattern of the PBCO samples sintered in air and
nitrogen (1000 ºC in the air for 12h, and 1000 ºC in nitrogen for 12 h) were collected at the HB2A beamline, High Flux Isotope Reactor (FLIR), Oak Ridge National Laboratory, Oak Ridge,
TN, USA
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. PBCO powders were suspended in a quartz basket (1.0cm, 4 cm long) inside a

silica quartz tube. Metered O2/N2 gas mixtures fed to the quartz tube set the sample environment
𝑃O2 . For both the two kinds of PBCO samples, the tests were conducted at
𝑃O2 = 0.1, 0.01, 0.21 atm, and in nitrogen at 500 ºC, 550 ºC, 600 ºC, 650 ºC, 700 ºC. An initial
diffraction pattern was collected for PBCO at 25 ºC in nitrogen and air. Diffraction patterns were
collected in the d-spacing range of 0.45 – 3.6 Å. Several short-duration 20 min patterns were
collected upon changing the sample environment. Longer collection times (up to 2h) were
collected once no change in primary diffraction peak position between short scans was observed.
The measure of equilibration was typically achieved within 1h. Profile fitting was done using a
TOF profile function which is a variation on the standard back-to-back exponential profile
function. The lattice parameters, fractional occupancy of all oxygen sites, anisotropic thermal
parameters, positions of all sites, and a combined scale factor were refined for each pattern.
Rietveld refinement was carried out using the software TOPAS Academic v6. The background
was modeled using a ninth-order polynomial function. The wavelength, instrument profile, and
detector zero were obtained from the refinement of a silicon standard (NIST SRM 640f). Userdefined empirical functions considering both Gaussian and Lorentzian contributions were used to
fit the instrumental profile. The peak broadening of the phases was modeled by the crystallite
size function. The initial structure models were from the Crystallography Open Database (COD),
#00-053-0131 and #04-013-5730. For the tetragonal PBCO phase, the site occupancies of Pr, Ba,
Co, and O were refined. Once good refinement was achieved, as indicated by low values of the
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weighted-profile R-value (Rwp) and goodness of fit (χ2)

168

, the percentage of the involved

crystalline phases were calculated by 169,
𝑊𝑝 = (𝑆𝑍𝑀𝑉)𝑝 / ∑𝑖(𝑆𝑍𝑀𝑉)𝑖

(4-3)

Where 𝑊𝑝 is the relative weight percentage of phase 𝑝, 𝑆 the scale factor, 𝑍 the number of
formula units per unit cell, 𝑀 the molecular weight of the formula unit, and 𝑉 the volume of the
unit cell. 𝑖 represents each phase in the mixture.
4.3.4 Iodometric Titration
The pristine oxygen non-stoichiometry δ values in formula PrBaCo2O6-δ were determined by
iodometric titration
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. 20 mg of samples were dissolved in 1 M HCl solution containing KI,

resulting in the reduction of Co3+ and Co4+ to Co2+ ions and the formation of a stoichiometric
amount of iodine in the solution. Iodine was titrated with Na2S2O3 solution using starch as an
indicator. Starch was added just before the end-point to ensure accuracy. Oxygen-deficient
values δ were calculated using the equations 4-4 and 4-5. The calculated δ values are 0.32 and
0.5 which correspond to tetragonal and orthorhombic PBCO.
Co(3+x) + (3 + x)I− = CoI2 +

1+x

I2

(4-4)

I2 + 2Na2 S2 O3 = 2NaI + Na2 S4 O6

(4-5)

2

4.3.5 Thermal Gravimetric Analysis (TGA)/Differential Thermal Analysis (DTA)
A TA Instrument SDT Q600 unit was used for simultaneous DTA-TGA analysis of the PBCO
powders. 12.5 mg of sample was placed into a sapphire crucible and heated by 5 ºC/min from
room temperature to 700 ºC. 50 sccm air purge was flown over the sample and blank reference
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crucible. The instrument provided weight loss as well as heat flow as a function of time and
temperature. An online mass spectrometer was used to record concentrations of H2, O2, N2, CO,
CO2, and CH4. To be concrete, the fresh samples for both phases have been going through an
isothermal TGA curve at 500 ºC, 550 ºC, 600 ºC, 650 ºC, and 700 ºC in the air until the weight
reached steady. Besides, the same heating process was carried out in 10%, 4%, and 1% air.
Oxygen non-stoichiometry change (∆δ) when heated to a certain temperature in a given oxygen
content atmosphere was calculated from formula 4-6. Wi and Wf are initial and final sample
weights. WMi represents the initial molar weight. Together with δ values known at room
temperature, oxygen deficiency amount can be determined.
∆δ =

(Wi −Wf )×WMi
16Wi

(4-6)

4.3.6 BET Surface Area
Surface area measurements were performed using a Micromeritics ASAP 2020 instrument. 0.48
g sample was added to the sample tube with the filler rod placed in to minimize volume. The
sample was heated to 90 ºC with 10 ºC/min ramp rate and hold for the pressure evacuated down
to 10 μmHg. The sample was then heated to 300 ºC and hold for 4 h to degas any absorbed
contaminants. BET measurements were conducted using nitrogen adsorption at 77K. A 5-point,
low surface area measurement was used as the samples were anticipated to have surface area <5
m2/g. The range of P/P0 ratio used for these experiments was 0.07 - 0.2.
4.3.7 Temperature Programmed Oxidation-TPO and O2 Pulse Chemisorption
The oxidizing ability of PBCO samples was assessed by O2 temperature programmed oxidation
(TPO). The experiments were performed in a Micromeritics Autochem 2910 unit. To measure

45

concentration changes, the unit consisted of dual thermal conductivity detectors (TCD) to
monitor the change in thermal conductivity between the gas after it flows over the sample and a
reference gas stream. The PBCO samples were placed in a u-shaped quartz tube and held in a
place by quartz wool. A thermocouple was inserted axially down the tube and was placed in the
middle of the sample, or as close as possible depending on the sample size. Before oxidation, the
sample underwent a drying treatment step to 200 ºC under an inert gas (Ar) to desorb any surface
moisture. Oxidation behavior was examined from room temperature to 700 ºC under a 5% O2/Ar
gas mixture by a 5 ºC/min ramp. The samples were held at 700 ºC for 30 min. Following the
isothermal hold, the gas was switched to Ar for 15 minutes to remove any absorbed oxygen. The
materials were then cooled to 50 ºC to perform the pulse chemisorption analysis. Once at
temperature, Ar was purged over the catalyst, while a 5% mixture of O2/Ar was introduced into a
separate line with a loop containing a known volume of 0.5573ml until the time of injection.
Once the pulse was initiated, the loop valve opened and the O2 gas mixture was forced over the
sample by the Ar gas. After dosing, the loop valve was closed, and the loop volume was purged
with the 5% O2/Ar mixture to prepare for another dose. The dosing process was repeated until
the peak areas were equal. In analyzing data, a 1:2 stoichiometric ratio of O2: metal was used. A
calibrated thermal conductivity detector (TCD) is used to determine the number of oxygen
molecules taken up by active sites upon injection. Upon saturation no later injections will be
chemisorbed. So the number of gas chemisorbed is directly related to the active surface area of
PBCO powders.
TPD will be adopted to characterize the oxygen dissociation adsorption mechanism and further
be referred to as the oxygen reaction kinetics mechanism on porous PBCO/GDC symmetric cells.
To be concrete, it will be used to clarify the oxygen surface exchange process elementary steps.
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Besides, the issue of whether oxygen is adsorbed first on the active site then be dissociated, and
reduced into oxygen ions or the three steps are cross-linked with each other can be solved. The
key point is that the surface reaction rate on porous PBCO can be experimentally calculated.
4.3.8 Temperature Programmed Desorption
Temperature programmed desorption with O2 will be used to identify the multi-site and
subsurface, diffusion models. The catalyst sample is exposed to a diluted gas stream containing
N2. During the exposure time, the surface of the catalyst is titrated by the reactive gases and
becomes saturated with O2 on the active sites. Once the catalyst has been sufficiently saturated
the temperature of the sample is elevated by a certain rate to remove the adsorbed O2. The
temperature at which the gas desorbs, as well as the size of the peaks, indicates the strength of
the interaction and amount of the adsorbed gas.
4.3.9 Laser Raman
A Horiba Jobin Yvon LabRam laser Raman confocal microscope was used for the examination
of the metal-oxygen bonds in the PBCO materials. All experiments were performed using a 532nm excitation wavelength which was focused with a 20x magnification objective onto the sample.
The laser power exposed to the sample was controlled with a neutral density filter, which was set
to 25%. The scattered light reflected from the sample passed through a 400 μm confocal hole
size after reflecting off a 600-nm grating and was detected by a charge-coupled device (CCD)
camera with a spectral resolution of 1cm-1. Before each experiment, a beam alignment and
instrument calibration was performed on a poly-propylene NIST standard, Data was acquired
and analyzed using Horiba Labspec 6 software, with an acquisition time of 5s, and a beam
accumulation time of 10s over a 50-4000 cm-1 spectral range.
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4.4

Electrical and Electrochemical Characterization

4.4.1 Four-point DC Method Conductivity Measurement
The electrical conductivity was measured using Van der Pauw 4 probe method. After mixing
PBCO with 3 wt% polyvinyl butyral (PVB, Alfa Aesar) uniformly, the mixtures were pressed
into pellets (diameter 16 mm) and sintered at 1200 ºC for 4 h in air and nitrogen respectively.
PBCO pellets were then polished on both sides using silicon carbide polishing papers and
polycrystalline diamond suspension up to 1 μm (PACE Technologies, Tucson, Arizona, USA).
Two different thicknesses of pellets (0.5 mm and 1.5 mm) were obtained for both the assynthesized tetragonal and the as-synthesized orthorhombic PBCO. The porosity of the sintered
pellets was measured with Archimedes’ principle. First, the weight of dry pellet in the air was
measured with analytical balance (A&D GH-202) and the average value was noted as M1.
Second, immersed the pellet in water in a beaker and put the beaker in a vacuum chamber for
several minutes to eject air in the pellet. The weight of the saturated pellet was measured again in
water and the average weight was noted as M2. The real volume of the pellet can be calculated as
𝑉=

𝑀1 −𝑀2
𝜌𝑤𝑎𝑡𝑒𝑟

. Here, 𝜌𝑤𝑎𝑡𝑒𝑟 = 1 g cm-3 is the density of water. Also, the theoretical volume of the

pellet can be obtained as 𝑉0 = 𝜋𝑟 2 ℎ. Here, r is the radius and h is the thickness of the pellet.
Hence, the porosity (φ) of the pellet can be written as:
𝑉

∅ = (1 − 𝑉 ) × 100%
0

After sintering, the porosity of all samples was equal to or less than 5%.
Four silver contact points were located at the edge of one side symmetrically.
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(4-7)

The electrical conductivity was measured by the Van de Paul method from room temperature to
π𝑅

700 ºC. The sheet resistance can be calculated using 𝑅𝑠 = ln2, among which R is the resistance.
Thus, the conductivity can be expressed as formula (4-8), L is the thickness of the pellets.
ln2

𝜎 = π𝑅𝐿

(4-8)

4.4.2 Electrical Conductivity Relaxation (ECR)
The electrical conductivity relaxation was measured using Van der Pauw 4 probe method on the
same pellets described in the conductivity measurement part. The testing was conducted from
500 to 700 ºC across a range of oxygen partial pressure from 0.21 atm to 0.01 atm. For all
conditions, 𝑃O2 change follow the rule ∆log𝑃O2 ≤ 0.6. The total flow rate of mixed gas was fixed
at 100 sccm. The measured surface exchange coefficient (kex) and chemical diffusion coefficient
(Dchem) were written as a function of the equilibrium state 𝑃O2 . The schematic structure of the
lab-made ECR instrument set was presented in Figure 4.1. A Keithley 2400 was used to apply
constant current and the corresponding voltage was measured by a Keithley 2182A. The oxygen
partial pressure was monitored with an electrochemical oxygen Analyzer (Model 810 Oxygen
Analyzer, Illinois Instrument Inc.). Gas flow rate and other operating point measurements were
handled by a National Instruments data acquisition controlled with LabVIEW software. The
collected ECR curves were fitted by MATLAB with equation 171:
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Figure 4.1 Schematic representation of the ECR set-up 1. Mass flow controller, 2. Four-way valve, 3.
Furnace, 4. Oxygen analyzer, 5. Nano-voltmeter and current source meter, 6. Computer, 7. Three-way
valve.

Before testing on PBCO, calibration of the whole ECR system was made with a PrBaCo2O5.68
(PBCO) dense pellet sample to ensure the accuracy and reliability of the ECR test. According to
den Otter’s work

172

, flush time (𝜏𝑓 ) is the characteristic time needed for new gas to flush the
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reactor chamber, a less flush time is the requirement for more accurate fitting. This parameter
can be written as:
𝜏𝑓 = Φ

𝑉𝑟

𝑣,𝑡𝑜𝑡

×

𝑇𝑆𝑇𝑃
𝑇𝑟

(4-9)

In this equation, Φ𝑣,𝑡𝑜𝑡 is the flow rate of gas, 𝑉𝑟 and 𝑇𝑟 represent the reactor volume and
temperature, respectively, TSTP denotes the room temperature.
4.4.3 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical Impedance Spectroscopy (EIS) was carried out on symmetric cells at open
circuit conditions over 105 to 10-2 Hz frequency range with 10 mV perturbation. EIS was also
carried out on three electrodes cells with 0.1V cathode polarization over 105 to 10-2 Hz frequency.
Both the symmetrical cells and the three-electrode cells are testing in air, 0.1 atm, 0.04 atm, and
0.01 atm on both sides of the electrolytes. All electrochemical experiments were performed using
an AUTO LAB PGSTAT302N potentiostat/galvanostat (Metrohm, Netherlands) controlled by
NOVA 1.11 software. Zview software was used for impedance spectra analysis and fitting. For
the symmetric cell, the area-specific resistance (ASR) can be calculated as:
1

ASR = 2 (𝑅p,m × A)

(4-10)

Where, 𝑅p,m is the polarization resistance measured from the raw EIS data, A is the effective
region area of one side, the unit of the ASR is Ω cm2. For the EIS fitting, inductance (L) is
involved in the equivalent circuit to mimic a more realistic electrochemical process. This
inductance is subtracted in the following data analysis. In the experiments for oxygen reduction
reaction on PBCO cathode investigation, symmetric cells were heated up to 500 ºC, 550 ºC, 600
ºC, 650 ºC, 700 ºC, respectively. Then impedance spectrums were collected every 30 minutes. At
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each target temperature, the cell was soaked for 30 minutes before measurement to ensure a
steady status of cells.
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Materials Structure and Performance of LnBCO-Based Cathode
The crystal structure adopted by LnBaCo2O6-δ has been reported to be either tetragonal P4/mmm
(𝑎𝑝 × 𝑎𝑝 × 2𝑎𝑝 ), orthorhombic Pmmm (𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 or 𝑎𝑝 × 𝑎𝑝 × 2𝑎𝑝 ), or orthorhombic
Pmmb (𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 ). Here 𝑎𝑝 refers to the basic cubic perovskite cell parameters. The
doubling in c is due to the ordering of Ln and Ba into layers perpendicular to z. The cell doubling
in b, and the transition from tetragonal to orthorhombic, have been suggested to arise from an
ordering of the oxide ion vacancies into channels at a value of δ =0.5

56,173,174

. There is a close

relationship between the crystal structure and the electrochemical performance of the electrodes.
In this chapter, PrBaCo2O6-δ (PBCO), NdBaCo2O6-δ (NBCO), YBaCo2O6-δ (YBCO), and
La0.5Ba0.5CoO3-δ (LBCO) materials will be discussed. To locate a potential double perovskite
cathode, the crystal structure, formation condition, and the structural evolution with temperature
and atmosphere are applied to the materials listed. Along with electrochemical performance, the
oxygen reduction reaction mechanism will also be investigated.
5.1

Phase Formation of LnBCO Cathodes

The calcination condition of LBCO was investigated and the obtained phases were characterized
by XRD. Figure 5.1 displayed the XRD patterns of LnBCO calcined in the air. Pure double
perovskite structure is obtained for PBCO, NBCO, and YBCO. According to Rietveld
refinement Table 5.1, the as-synthesized PBCO, NBCO, and YBCO show a tetragonal structure
(P4/mmm space group) with 𝑎 ≈ 𝑎𝑝 , 𝑏 ≈ 𝑎𝑝 , 𝑐 ≈ 2𝑎𝑝 , 𝑎𝑝 = Å, and 𝛼 = 𝛽 = 𝛾 (Rwp=4.67%,
𝜒 2 = 1.68 Rp=4.23%). While the LBCO shows a single perovskite cubic structure (Pm-3m
space group) with a=b=c=5.489 Å. The double perovskite LBCO phase can be obtained by
calcination in nitrogen as reported in literature 175. Figure 5.2 showed the XRD patterns of PBCO,
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NBCO, YBCO, and LBCO calcined in N2. The XRD patterns indicate that the single perovskite
remains for LBCO, NBCO, and YBCO keeps the double perovskite tetragonal structure.
However, the PBCO sintered in nitrogen shows an orthorhombic structure (Pmmm space group)
with 𝑎 ≈ 𝑎𝑝 , 𝑏 ≈ 2𝑎𝑝 , 𝑐 ≈ 2𝑎𝑝 , 𝑎𝑝 = 3.909Å. The parameters are listed in Table 5.2.
Table 5.1 The refinement structure parameters for PBCO calcined in air.

Atom

x

y

z

Occupancy

Wyck.

Ba

0.5

0.5

0

1.0

1c

Pr

0.5

0.5

0.5

1.0

1d

Co

0

0

0.2514

1.0

2g

O1

0

0

0

1.0

1a

O2

0

0

0.5

0.51

1b

O3

0

0.5

0.2872

1.0

4i

Table 5.2 The structure parameters for PBCO calcined in nitrogen.

Atom

x

y

z

Occupancy

Wyck.

O1

0

0.5

0.5

0.9

1g

O2

0

0

0.5

0.1

1c

O3

0.5

0

0.306

1.0

2s

O4

0.5

0.5

0.2671

1.0

2t

O5

0

0.2409

0.2847

1.0

4u

Ba

0.5

0.2469

0

1.0

2o

Pr

0.5

0.2727

0.5

1.0

2p

Co1

0

0.5

0.25

1.0

2r

Co2

0

0

0.2521

1.0

2q

O6

0

0

0

1.0

1a

O7

0

0.5

0

1.0

1e
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Figure 5.1 XRD patterns a) LnBCO materials calcined in nitrogen, b) compatibility with GDC.

Figure 5.2 XRD patterns of LnBCO calcined in air.
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According to literature 13, the difference in size and charge between the two A site cations (Ln3+
and Ba2+) in LnBCO is the driver for ordering these cations into separate layers. So it is worth
explaining that if this driver is insufficient to produce ordering then the materials will simply be
A cation disordered. The driving force for ordering the cell into LnO0.5 and BaO layers is a
consequence of Ba having a significantly larger ionic radius compared to the Ln cations
considered. As the size of Ln is increased towards La the difference in size compared with the Ba
is decreased and the driving force for order decreases. So, the single perovskite La0.5Ba0.5CoO3-δ
is a very stable A cation disordered phase.
To be used as SOFC cathode, the materials must be compatible with the electrolyte. The XRD
patterns of the LnBCO, GDC mixtures sintered at 1150 ºC for 12 hours are shown in Figure 5.3.
The prepared LnBCO materials proved to be compatible with GDC electrolyte with no additional
peaks detected.
5.2

Electrical Conductivity of LnBCO Cathodes

The electrical conductivity of LnBCO materials under air and nitrogen was investigated. Figure
5.3 presents the electrical conductivity results of LnBCO with a temperature increase to 700 ºC.
This process was taken to investigate the relation of the chemical states on the layered double
perovskite surface to their electrical conductivities. The electrical conductivity of PBCO and
NBCO decreases with increasing temperature, indicating the nature of metallic characteristics
and the values of PBCO are higher than those of the NBCO. The maximum and minimum
conductivities in PBCO are 1548 S/cm at room temperature and 1014 S/cm at 700 ºC. However,
the electrical conductivity values of LBCO initially increase, and then decrease with respect to
temperature increase, indicating metal-insulator transition (MIT) behavior. The maximum and
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minimum conductivities in LBCO are 1095 S/cm at 70 ºC and 440 S/cm at 700 ºC. The
maximum electrical conductivity results are caused by the high concentration of electron holes
for double perovskite materials. Besides, it is much higher than the ionic conductivity obtained
from oxygen vacancies

176

. The concentration of higher valance Co4+ is directly related to the

electrical conductivity in the case of the relationship between the surface charge state,
investigated by Raman Spectroscopy. The minimum electrical conductivity among the LnBCO
materials was 440 S/cm, which is adequate to be used as a SOFC cathode.

Figure 5.3 Electrical conductivities of LnBCO oxides. a) PBCO, b) LBCO.

There is literature claiming that double perovskite material which belongs to P4/mmm has little
Raman activity, and no specific bands appear under dry conditions

177

. However, the tetragonal

PBCO is proved sensitive to Raman shift (see Figure 5.4). The laser Raman can be used as an
analytical tool to compliment XRD data. As XRD provides information primarily regarding
cation ordering, Raman spectroscopy can detect metal-oxygen bonds and is therefore sensitive to
changes in the oxygen sub-lattice. An ideal tetragonal P4/mmm PBCO can have 6 Raman active
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modes, which results from 5 cation-anion vibrations, and 1 oxygen-sublattice only vibration at
the highest wavenumber. The vibrational modes for the P4/mmm PBCO are represented as 178:
Ba=A2u+Eu
Pr= A2u+Eu
Co=A1g+Eg+A2u+Eu
O1= A2u+Eu
O2=A1g+B1g+2Eg+A2u+B2u+2Eu
ΓRaman=2A1g+B1g+3Eg

Intensity (a.u.)

721

694
326
524
484

300

400

500

645

600

700

800

900

1000

-1

Raman shift (cm )
Figure 5.4 Raman Spectra of the PBCO oxide.

The Pr, Co, and O2 atoms occupy sites of the same symmetry, whereas the Ba and O1 vibrations
are Raman forbidden telling from the ΓRaman. The broad spectrum with a slight peak around 645
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cm-1 is believed to correspond to the Raman active mode of the anion disordered P4/mmm phase,
with the broad profile indicating the anions are randomly ordered. The strongest and most
characteristic peak at ~721 cm-1 is associated with the Eg mode designating the O(2)-Co-O(2)
bending in the BO6 octahedra. Three other distinguishing bands also become noticeable at 326
cm-1, 484 cm-1, and 524 cm-1. These are defined as the respective cation-anion bonds
corresponding to the 3Eg stretching bands, Pr-O(1), Pr-O(2), Co-O(2) that have the different
cation-anion bonds which increase in bond strength.
5.3

Oxygen Reduction Reaction Performance of LnBCO cathodes

5.3.1 Symmetrical Cell Performance of LBCO
One layer screen printing corresponds to around 10 μm after sintering at 1000 ºC for 2 hours
with the cathode slurry prepared. The thickness of the porous electrode is about 30 μm, as
illustrated in the represented PBCO cell morphology (Figure 5.5). As clarified in the cell
fabricate the part, silver paste and wire instead of platinum paste and wire were used as the
current collector to avoid the electrocatalytic promotion from the platinum deposited at the
electrode/electrolyte interface.

Figure 5.5 SEM morphology of a) the cross-section, b) the porous electrode of the PBCO/GDC/PBCO
symmetrical cell.
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The open circuit voltage (OCV) polarization resistance (Rp) of cathode material in SOFC is an
effective parameter to assess the catalytic activity on the oxygen reduction reaction (ORR).
Figure 5.6 shows the Nyquist plots of LnBCO/GDC/LnBCO symmetrical cells from 500 ºC to
700 ºC in the air. An attractive polarization resistance is already obtained at 600 ºC for PBCO as
0.165 Ω cm2. An excellent performance was also observed for the YBCO cathode with
polarization resistance 0.16 Ω cm2 at 650ºC. These performances are prominent compared with
other double perovskite materials like EuBaCo2O6-δ and SmBaCo2O6-δ. The performance can also
compete with other thin film and composite cathode like LSC, LSCF, and BSCF listed in Table
5.3.
Table 5.3 Comparison of polarization resistance of ceramic oxide cathodes in air.
Material

Rp (Ω cm2)

Temperature (ºC)

Ref.

La0.6Sr0.4CoO3/YSZ

0.1

600

20

(Ba0.5Sr0.5)0.99Co0.8Fe0.2O3-δ

0.16

600

21

LSC thin film/GDC

0.13

600

22

(La0.6Sr0.4)1-xCo0.2Fe0.8O3+Ce0.9Gd0.1O3

0.19

600

23

LSM+YSZ

0.14

800

24

PrBa0.5Sr0.5Co2-xFexO6-δ

0.07

600

25

EuBaCo2O6-δ

0.5

600

26

LSCF/YSZ

0.33

600

27

SmBaCo2O6-δ

0.48

700

28

As shown in Figure 5.6a and 5.6d, the impedance spectroscopy of PBCO, NBCO, and LBCO
symmetrical cells are a half-tear-drop-shaped impedance which is composed of a diagonal of
about 45º at the high-frequency region followed by a semi-circle at the low-frequency region.
The half-tear-drop-shaped impedance appeared is characteristic of a co-limitation of surface
oxygen exchange and oxygen bulk diffusion in the oxygen reduction reaction
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40

. When the

electrode presents a chemical solid-state diffusion and the electrochemical process is only limited
by the oxygen exchange at the surface, the impedance is composed of two semicircle-like shapes.
However, if solid-state diffusion is slowed down or surface oxygen exchange rate is promoted, at
some point the electrochemical process will be co-limited by the surface reaction and the bulk
diffusion steps. In that case, the impedance will transform from a semicircle or semicircle-like
shape to a half-tear-drop shape. This co-limitation process can be described as:
1

Zchem=Rchem√1+𝑗𝑤𝑡 𝛼

(5-1)

𝑐ℎ𝑒𝑚

𝐶𝑐ℎ𝑒𝑚 =

𝑓=

𝐶𝑐ℎ𝑒𝑚 =

4𝐹2 (1−𝜀)𝑙𝛿
𝑅𝑇𝑓𝑉𝑚

𝑡𝑐ℎ𝑒𝑚

(5-2)

𝑅𝑐ℎ𝑒𝑚

(−𝜕𝜇𝑂2 /𝜕𝛿)

(5-3)

𝑅𝑇

=

4𝐹2 (1−𝜀)𝑙𝛿
𝑓𝑉𝑚

(−

𝜕𝜇𝑂2 −1
)
𝜕𝛿

(5-4)

Where Zchem is the chemical impedance co-limited by surface oxygen exchange and solid-state
diffusion. Rchem is the characteristic resistance from the chemical reaction. tchem is the
characteristic time. f is a thermodynamic factor reflecting the ease with which to change the
stoichiometry (δ) in a given change of 𝑃O2 . ε is the porosity of the electrode. lδ is the
characteristic “utilization” length which indicates the thickness of the active region in a porous
electrode, normally at a range of several micrometers. Vm is the molar volume of the electrode.
Cchem is the chemical capacitance related to the bulk oxidation/reaction of the material and
usually very large. For a very thin (1.5 μm) La0.6Sr0.4CoO3-δ mixed-conducting film the chemical
capacitance is about 0.1-1 F cm-2

179

. This value is about three orders larger than the oxygen
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adsorption and transport dominated pseudocapacitance of Pt (~10-3 Fcm-2 ) and five orders larger
than the interfacial polarization capacitance of the Pt/YSZ interface (10-6 -10-5 Fcm-2 ).
The co-limited theory was applied to the double perovskite LnBCO materials. Impedances of
YBCO symmetrical cells are fitted well (Figure 5.6c) with R1(R2CPE1) and R1(R2CPE1)
(R3CPE2) equivalent circuits. R1 represents ohmic resistance from electrolyte and electrode

180

.

The semicircle-like impedance in the high-frequency region corresponds to the oxygen ion
transfer process at the electrode/electrolyte interface (R2CPE1)

181

. The semicircle-like

impedance (R3CPE2) in the low-frequency region presents the oxygen bulk diffusion and
surface chemical exchange

182

. Impedances of PBCO NBCO and LBCO symmetrical cells are

fitted well with the Gerischer element whose impedance is defined by Equ. 5-1 183. The half-teardrop curve (Figure 5.6a, 5.6b, and Figure 5.6d) in the low-frequency region presents the oxygen
bulk diffusion and surface chemical exchange (gas adsorption, dissociation, and oxygen
exchange) co-limited process

184

. As expected, Rchem decreases as the temperature increases,

which implies faster surface kinetics at a higher temperature. Chemical capacitance Cchem
calculated from the fitting result is very large (1-1.3 F cm-2 ) which accords with Kawada’s result
179

. From the proportional relationship between Cchem and lδ (Cchem ∝ lδ) from Eq. (5-2), the

increase of Cchem with temperature illustrates an expansion of the active region in the porous
electrode. Furthermore, the size of the active region is estimated. Calculated from Rietveld
refinement, the molar volume Vm of this material is 70.28 cm3 mol-1. The porosity of the
electrode is 0.25. The accurate active length will be calculated after the thermodynamic factor is
determined in Chapter 6. Here, the length is estimated with the thermodynamic factor for the
layered materials reported in literature

185-187

, the thermodynamic factor f is estimated as 10.

From Eq. (5-4) the size of the active region lδ is about 15 μm at 700 ºC and 3 to 5 times the
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typical values (3-5 μm) 10. This value demonstrates that a large portion of the electrode surface is
active for ORR, which indicates excellent ionic conductivity, good catalytic activity, and a
sufficient electrical conductivity of PBCO.

Figure 5.6 Nyquist plot of LnBCO symmetrical cells from 700 ºC to 500 ºC. a) PBCO, b) NBCO, c)
YBCO, d) LBCO.

The Nyquist plots of YBCO/GDC/YBCO symmetrical cell at 500 ºC and 700 ºC in oxygen
partial pressures 0.21 atm, 0.1 atm, 0.04 atm, and 0.01 atm are shown in Figure 5.7a. The
activation energy (Ea) in the air is 1.23 eV, in 0.01 atm is 0.82 eV. The capacitance calculated is
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in mF cm-2 degree. The reaction order is between 0.14 and 0.41. Different reaction models have
been developed in literature and may lead to reaction order in specific scenarios. However, in
general, the processes dependent on 𝑃O2 less than 1/4 are most likely attributed to the charge
transfer process and those displaying more than 1/2 are often attributed to processes involving
diatomic oxygen species 188-190.

Figure 5.7 Symmetrical cell of YBCO tested in different oxygen partial pressure: a) Nyquist plots of
impedance at 700 ºC and fitting line. b) Arrhenius plot and activation energy of the total cathode
polarization resistance. c) Polarization resistance as a function of partial pressure and reaction order. d)
Cchem as a function of partial pressure.
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Judging from the reaction order, the process associated with the low-frequency arc at 700 ºC is
attributed to the oxygen dissociative adsorption or surface diffusion of atomic oxygen, but not a
charge transfer process, Since the capacitance of the electrode, is in the order of mF which is
larger than those associated with the charge transfer process, typically 10-3 ~ 10-1 mF cm-2. The
surface diffusion process could possibly arise considering the 1.23 eV activation energy similar
to that reported in the literature 135,191. In the literature, the medium frequency arc with Ea of 1.3
eV and 2 eV activation energy was related to the surface diffusion of O-.
Cathodic overpotential is an important component of electrode performance. To further
investigate the ORR mechanism in the cell operation condition. Three-electrode cells were
constructed as stated in the cell fabrication method in chapter 4. The three-electrode
configuration allowed direct measurement of the half-cell voltage with and without an applied
direct overpotential

192-195

. The cells were tested both under 0.1 V cathode polarization and the

OCV conditions in the air using the EIS technique. Figure 5.8a shows the Nyquist plots of PBCO
three-electrode cell with 0.1 V over-potential. Figure 5.8b and 5.8c show the Nyquist plots of the
three-electrode tested in cathodic overpotential and the OCV conditions. The measured value
dropped from 0.4 Ωcm2 to 0.13 Ωcm2 at 700 ºC under 0.1 V cathode polarization.
The derived activation energy of the cell tested under OCV is 1.25 eV which is in the range of
the oxygen surface exchange determining step. Specifically, it is known that oxygen adsorption
and desorption rates can differ significantly, with desorption occurring much more slowly than
adsorption

196

. In the absence of an applied voltage, there is no net ion flux, and thus the

adsorption and desorption processes contribute equally to the measured resistance. Under a
cathodic over-potential, however, net adsorption occurs at the electrode functioning as the
cathode, and the measured rate is dominated by this faster process, resulting in the observed
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reduction in ASR. Such an effect could not occur for an overall process limited by bulk diffusion.
The increase of the apparent activation energy when applied overpotential can be convoluted to
the enlarging activated electrocatalytic region of the electrode. The applied overpotential can
affect the local chemical composition of an MIEC, therefore the accompanying surface coverage.
It can also change the surface diffusion, therefore the available site to 3PB.

Figure 5.8 Nyquist plots of PBCO three-electrode cells. a) tested in 0.1 V cathodic overpotential. b) and
c) comparison between 0.1V cathodic polarization and OCV conditions. d) derived activation energy.

5.4

Summary

In this chapter, PrBaCo2O6-δ (PBCO), NdBaCo2O6-δ (NBCO), YBaCo2O6-δ (YBCO), and
La0.5Ba0.5CoO3-δ (LBCO) materials are synthesized and investigated to develop a potential solid
oxide fuel cell cathode with good electrochemical performance. Phase stability in air and
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nitrogen are studied. Except for LBCO, the other three materials exhibit stable double perovskite
with all tetragonal structures in the air. PBCO material prepared in nitrogen presents a double
perovskite with an orthorhombic structure. The XRD lattice parameters of the materials
synthesized proved that the tetragonal and orthorhombic LnBCO except for La0.5Ba0.5CoO3-δ are
layered materials.
The electrical conductivity test proves that the PBCO material has a metallic characteristic with
the electrical conductivity decreases with temperature increase. The LnBCO material shows a
metal-insulator transition behavior. The minimum electrical conductivity of both the PBCO and
LBCO materials can meet the SOFC cathode requirement. The maximum electrical conductivity
is connected with the higher concentration of electron holes and the layered perovskites
structures.
The half-tear-drop-shaped impedance spectra of PBCO and semicircle-like shaped impedance
spectra of YBCO symmetrical cells herald PBCO and YBCO are good MIEC cathode which
possesses both excellent oxygen surface exchange and bulk diffusion performance. The good
match of these two reactions expanded the reaction active zone from electrolyte/electrode 2PB to
the gas/electrode surface area. This is also supported by the chemical capacitance (1 F/cm2 to 10
F/cm2) which is thousand times that of double-layer capacitance (~1 mF/cm2). The bulk diffusion
and surface exchange process at gas/electrode 2PB was assumed to co-limit the ORR on the
PBCO cathode. The oxygen dissociative adsorption and surface diffusion of O- are the ratedetermining step of ORR on the YBCO cathode.
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The structure Evolution of PrBaCo2O6-δ and the Influence on the
Thermodynamic Property
Oxygen transport plays a critical role in SOFC. High oxygen ion conductivity materials are
necessary to facilitate oxygen diffusion and promote electro-catalytic performance, especially for
SOFC. Double perovskite materials with substantial catalytic activity have been studied a lot,
including transport mechanisms and better energy conversion efficiency. PrBaCo2O6-δ cation
ordered perovskite is outstanding among LnBCO materials for its excellent oxygen electrocatalytic performance. Both tetragonal and orthorhombic PrBaCo2O6-δ consist of cation ordered
sub-lattice. However, the performance of orthorhombic PBCO, which has a close relationship to
tetragonal PBCO has not been studied yet. It is already certified that PBCO will undergo a phase
transition from orthorhombic to tetragonal. Thus, it is necessary to compare oxygen nonstoichiometry values and the oxygen vacancy concentration, relate them to PBCO structure
evolution, and compare the thermodynamic property of the as-synthesized tetragonal and
orthorhombic PBCO to further facilitate the oxygen transport and ORR mechanism study.
6.1

The Lattice Structure of PBCO and Refinement

Fig. 6.1a and 1b show the XRD of PBCO powders sintered in nitrogen and air respectively. The
room temperature diffraction peaks can be indexed to the orthorhombic Pmmm space group and
tetragonal P4/mmm space group for the two kinds of powders. Both PBCO diffraction patterns
have split peaks at principle planes, which means they belong to double perovskite PBCO 55. For
tetragonal PBCO 𝑎 ≈ 𝑏, 𝑐 ≈ 2𝑎.Orthorhombic PBCO have the additional peaks (0 1 0), (0 1 2),
(0 2 0), (1 2 0) (0 2 2) and (1 2 2) compared to tetragonal PBCO. This lead to the expansion of
lattice along the b axis and the much more ordered oxygen transport in the ab plane compared to
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the tetragonal phase. The peaks shift left entirely with temperature increase, indicate lattice
expansion for both samples. This is caused by the reduction of cobalt valence
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, which

increases oxygen vacancy concentration. A phase transition from orthorhombic to tetragonal
occurred at 550 ºC and keeps with the temperature above 550 ºC.
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Figure 6.1 X-ray diffraction patterns of PBCO: (a) pristine tetragonal, (b) pristine orthorhombic.

The lattice parameters of the two kinds of as-synthesized PBCO in the temperature range from
500 ºC to 700 ºC are listed in Table 6.1. There is a narrow difference in lattice parameters for
these two different original PBCO structures, with 𝑎𝑡𝑒𝑡𝑟𝑎 < 𝑎𝑜𝑟𝑡ℎ , 𝑐𝑡𝑒𝑡𝑟𝑎 > 𝑐𝑜𝑟𝑡ℎ when above
550 ºC. It is supposed that oxygen transport through pristine tetragonal PBCO will be faster than
that in as-synthesized orthorhombic PBCO. This is caused by the faster oxygen diffusion along
the ab plane than the c axis 187.
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Table 6.1 Lattice parameters evolution of pristine tetragonal and orthorhombic PBCO.
Temperature/ºC

As-synthesized tetragonal PBCO

As synthesized orthorhombic PBCO

a/Å

c/ Å

a/Å

b/ Å

c/ Å

25

3.909

7.636

3.903

7.866

7.598

500

3.943

7.717

3.938

7.932

7.704

550

3.949

7.724

3.952

7.712

600

3.954

7.73

3.958

7.72

650

3.96

7.737

3.963

7.725

700

3.965

7.744

3.968

7.732

6.2

Lattice Oxygen Vacancy Order/Disorder Transition

Oxygen ordering degree is a critical factor in determining the electronic, magnetic, and structural
properties of perovskites. For LnBaCo2O5 (Ln=rare earth) and LnBaCo2O5.5 two particular
compositions, an ordering of oxygen vacancies possibly exists

66

. In PrBaCo2O5 the pyramidal

positions are occupied by both Co3+ and Co2+ ions, which are present in an equal amount. In
contrast, in PrBaCo2O5.5 only Co3+ ions occupied in alternating octahedral CoO6 and CoO5
domains. With this knowledge, the structure of alleged tetragonal and orthorhombic PBCO were
further studied and characterized by neutron powder diffraction and transmission electron
microscope.
For the PBCO sample treated in air, the room temperature NPD data (Figure 6.2) can be quite
well refined using an average structure with lattice parameters 𝑎 ≈ 𝑏 ≈ 𝑎p and 𝑐 ≈ 2𝑎p (where
𝑎p is the perovskite cubic cell) and P4/mmm space group. But when temperature increase to 600
ºC, there are additional small peaks present, which is attributed to a particular order of oxygen
vacancies in the structure and can be indexed by doubling of both a and b parameters (so
conserving the tetragonal symmetry).
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Figure 6.2 Neutron Powder diffraction for two as-synthesized PBCO in 1% air.

The joint refinement of these two data sets for as-synthesized tetragonal PBCO has permitted the
exploration of different possible ordered arrangements of the oxygen vacancies within the [PrOδ]
planes. The first possibility corresponds to perfect order in a 2𝑎p ×2𝑎p supercell in [PrOδ] planes,
with vacancies located in 1b [(0 0 1/2)] Wyckoff position of the P4/mmm. The second model was
refined to represent the location of the vacancies in (1 0 0) lines, similarly to the order in
PBCO5.5 layered cobaltites. Here, due to the smaller concentration of vacancies, these lines
would be partially occupied forming a solid solution with oxygen ions. However, it violates the
fourfold symmetry of the tetragonal P4/mmm. The third possibility describes an imperfect order
of the 2𝑎p ×2𝑎p structure, in which oxygen vacancies are inhomogeneously distributed between
1b[(0 0 1/2)] and 1d[(1/2 1/2 1/2)] Wyckoff positions of the P4/mmm. The third scheme provides
the best agreement with the peak intensities shown in Figure 6.3. Briefly, the refinement
converges to the 25% of vacancies located in the 1d position and the remaining 75% in the 1b
position.
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Figure 6.3 Room temperature neutron powder diffraction with TOF and fitting.

While NPD data for PBCO sample treated in nitrogen, the room temperature NPD data is labeled
to an average structure with lattice parameters (𝑎 ≈ 𝑎p , 𝑏 ≈ 2𝑎p , 𝑐 ≈ 2𝑎p ) and belongs to the
Pmmm space group (conserving the orthorhombic symmetry). For PBCO with room temperature,
the orthorhombic structure becomes tetragonal PBCO when above 600 ºC. Further, small peaks
indexing to 2𝑎p ×2𝑎p × 2𝑎p which goes to the Pmma space group structure that appeared when
above 650 ºC. Meanwhile, oxygen vacancies experience a transition from 100% order degree to
ordered/disordered state in tetragonal structure and finally to a high disordered degree in a
mixture of Pmma and Pmmm orthorhombic structure.
6.3

Electron Microscopy Investigations of PBCO

As shown from the Rietveld refinements of the NPD data, the structure of PrBaCo2O5.5
synthesized in nitrogen atmosphere deviates from the ideal structure by a partial disorder of the
oxygen atoms at the level of the PrO0.5 layers. There is indeed observation of about 90% and 10%
of the O1 and O2 sites by oxygen, respectively, instead of 100% and 0%. Thus, TEM
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characterization is utilized here to investigate the PrBaCo2O5.5 sample to identify possible
secondary phases, superstructures, and or particular microstructural features
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. The TEM

investigations performed on the PBCO wafer synthesized in air and nitrogen confirms their
structures, tetragonal and orthorhombic, respectively.
In Figure 6.4, the selected area electron diffraction patterns of the PrBaCo2O5.5 synthesized in
nitrogen confirms the observed spots can be indexed with Pmmm 𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 refined from
the neutron powder diffraction. However, two additional features are observed. First, the
investigated crystal grains present two domains D1 and D2 at a microscale level corresponding to
the Pmmm 𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 . The two domains are oriented 90º with respect to each other
(permutation of 𝑎 and 𝑏 axis). The zone axis patterns series shown in Figure 6.4a-b represent the
typical double perovskite diffraction spots. The second type of rare seen [210]I or <110>p zone
axis pattern is presented in Figure 6.4c, and where some extra weak reflections could be indexed
with another orientation (DIII) having the Pmmm 𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 structure. Second, in few areas
of some investigated crystal grains, very weak extra reflections that cannot be indexed as Pmmm
𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 the structure is observed, as illustrated in Figure 6.2d. This indicates that these
crystals possess a locally different structure from the 112-type cobaltite. The information
available by SAED about such superstructures is blurred due to the superposition with the
reflections coming from the Pmmm 𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 domains. Nonetheless, from the position of
these extra spots, common characteristics can be summed up and imply, notably, the doubling of
one of the 𝑎𝑝 parameter together with a centering of the cell. A part of these extra spots can be
indexed considering the Pmma 2𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 cell corresponding to the LaBaMn2O5.5
compound 199. This is in agreement with the NPD results where the occupancies obtained for the
O1 and O2 atomic positions can be locally attributed to a different vacancy/oxygen ordering
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leading notably to the existence of a faulted zones having a centered structural (122 type II). This
tendency is evidenced by SAED but also visible in HREM for instance looking at one of the
<110>p directions, as shown in Figure 6.4e. The Pmmm 𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 structure is established
all over the viewing area but locally in the area encircled the structure is clearly different and
presents a centering also evidenced in the Fourier transform.
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Figure 6.4 SAED patterns observed for PrBaCo2O5.5. The [100] zone axis patterns are displayed in (a) and
(b) with two different diffraction domains I and II. Oriented domains (DIII) can be revealed on the zone
axis [210] in (c). Supplementary weak spots can be observed in (d). e) HREM image.
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Figure 6.5 illustrates the High-Resolution Electron Microscopy (HREM) images and the
corresponding SAED patterns obtained along the [100] direction for the ordered layered
PrBaCo2O5.5 material. The 122-type superstructure is clearly identified in both the HREM images
and in the SAED patterns, by the doubling of the cell parameters along the [001] and [010]
direction as compared to the disordered La0.5Ba0.5CoO3-δ, where only a simple perovskite can be
observed along any of the equivalent <100>p zone axis directions.

Figure 6.5 Typical HREM images and the corresponding SAED patterns obtained along the [100]
direction.

The PBCO synthesized in air, as characterized by XRD and NPD can be indexed using a
tetragonal P4mmm. However, the electron diffraction patterns of the tetragonal LnBaCo2O6-δ
(Ln=Nd, Sm, Eu, Gd, Tb, Dy, and Ho) show the existence of superstructures without conditions
limiting the reflections. Two kinds of supercells are observed according to the size of the
lanthanide. For larger lanthanides, for example from Nd to Tb
𝑎𝑝 × 2𝑎𝑝 × 2𝑎𝑝 supercell, whereas for smaller lanthanides, for Ho
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200-202

83

, corresponding to an

and Dy

203

, a tripling of

two parameters is obtained, leading to a 3𝑎𝑝 × 3𝑎𝑝 × 2𝑎𝑝 (similar to that reported in YBaCo2O5
annealed in pure oxygen

204

. A variation of oxygen content and of the structure with the size of

the lanthanide suggests a possible ordering between oxygen and vacancies in the lanthanide layer.
From the results reported for YBaCo2O5 204, it clearly appears that the ordering of the oxygen
vacancies in the perovskite matrix is responsible for the various superstructures observed in the
electron diffraction ED patterns.
To make clear the sublattice of the PBCO synthesized in air and figure out its oxygen order
degree status, the SAED experiment was also carried out on a PBCO wafer fabricated in air. One
principal pattern viewed down the [001] directions is shown in Figure 6.6a and 𝑎𝑝 × 𝑎𝑝 × 2𝑎𝑝
the superstructure was observed. High-resolution TEM may be of great interest to obtain
information about the size of the 112-type domains. Despite the domain size labeled in Figure
6.6d, dislocations and strain fields were found in the HREM image, as illustrated in Figure 6.6b.
Clear grain boundaries were discovered with different crystal structures, as shown in Figures
6.6c and 6.6d. Lattice distortions were also found in Figure 6.6e. So, PBCO synthesized in the
air should have a larger degree of disorder than that of sintered in nitrogen.

77

Figure 6.6 SAED patterns obtained along the [100] direction in a). b), c), and d) HREM of PBCO
calcined in air.
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6.4

Oxygen Non-stoichiometry Determined by TGA

In solid-state ionic materials, the defect is a critical factor in determining electro-catalytic
performance. Usually, high oxygen vacancy concentration will promote high oxygen ionic
conductivity when hopping energy between defects is determined. To determine the oxygen
vacancy concentration, oxygen non-stoichiometry needs to be confirmed first. The room
temperature oxygen non-stoichiometry values in PrBaCo2O6-δ were 0.32 and 0.5 for the
synthesized tetragonal and synthesized orthorhombic PBCO, respectively determined by iodine
titration. The weight loss during temperature increase was determined by TGA. Figure 6.7 shows
the weight change of pristine tetragonal in different oxygen atmospheres during heat up to 700
ºC. The first weight-loss period before oxygen uptake is mainly the water desorption process.
Oxygen uptake between 200 ºC and 300 ºC is synchronized with cobalt oxidation from Co3+ to
Co4+, this even occurred in 1% oxygen. For orthorhombic PBCO which experience phase
transition, there’s more oxygen uptake compared to tetragonal PBCO when in the same oxygen
content gas.
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Figure 6.7 Weight loss of PBCO in different oxygen atmospheres below 500 ºC.
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The calculated δ values are shown in Figure 6.8. It shows that tetragonal PBCO will lose more
oxygen than orthorhombic PBCO. The oxygen atom loss gap is around 0.11 except in 16%
oxygen content gas atmosphere with oxygen loss of pristine orthorhombic PBCO even larger
than that of tetragonal PBCO. However, oxygen non-stoichiometry of tetragonal PBCO is still
less than that of orthorhombic PBCO with 6 oxygen atoms in the formula as a baseline. But it
does not mean that oxygen transport in orthorhombic PBCO will be faster than that in tetragonal
PBCO considering the mobility of oxygen has not been studied here yet.
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Figure 6.8 Oxygen non-stoichiometry values obtained from TG results.

The thermodynamic properties of PBCO with two different initial structure needs to be
compared to further investigate the mobility of them. From the thermodynamic factor calculation
formula (6-1), the relationship between oxygen non-stoichiometry and oxygen partial pressure
was derived and shown in formula (6-2).
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1 𝜕ln(𝑃O2 )
𝜕l n(6−𝛿)

𝑓=2

ln (𝑃O )

δ = 6 − (6 − δ0 )exp ∫ln (𝑃0 2)
O2

(6-1)

1
2𝑓(ln (𝑃O ))
2

𝑑𝑙𝑛𝑃O2

(6-2)

The chemical potential, µO, of PrBaCo2O6-δ is expressed in formula (6-3):
𝜇O − 𝜇O° =

𝑅𝑇
2

ln (𝑃O2 )

(6-3)

Where superscript zero denotes equilibrium with 1 bar oxygen. The oxygen chemical potential is
written with the partial molar enthalpy and partial molar entropy of oxygen expressed in the
following formulas:
𝜇O − 𝜇O° = (ℎO − ℎO° ) − 𝑇(𝑠O − 𝑠O° )
ℎO − ℎO0 =

𝜕

𝑅

( ln𝑃O2 )

1
𝜕( ) 2

(6-4)

(6-5)

𝑇

𝜕

𝑅𝑇

𝑠O − 𝑠O0 = − 𝜕𝑇 ( 2 ln𝑃O2 )

(6-6)

Figure 6.9 and Figure 6.10 exhibit R/2lnP(O2) vs. 1/T plots and RTlnP(O2) vs. T plots of
PrBaCo2O5.68-δ and PrBaCo2O5.5-δ respectively for selected δ. There are inflection points for both
PBCO structures which correspond to the influence of the structure evolution on the performance
of the materials. As-synthesized tetragonal PBCO shows abrupt change at 600 ºC in all
stoichiometric oxygen content listed here. This phenomenon corresponds to the non-linear
relationship between the bulk diffusion coefficient and temperature. For pristine orthorhombic
PBCO, this phenomenon occurred at 650 ºC. These blunt changes of thermodynamic quantites
that structural evolution exists in these materials. Another portent is that the value of ℎO − ℎO0
and 𝑠O − 𝑠O0 for tetragonal PBCO almost approaches zero as δ close to 0.5. The oxygen partial
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molar enthalpy increases when there is more oxygen loss for both the as-synthesized tetragonal
and the pristine orthorhombic PBCO during the structure evolution with temperature and partial
pressure, which easily explains why there are more oxygen vacancies formed when there is
oxygen loss in the structure. The as-synthesized tetragonal PBCO has higher partial molar
enthalpy than the pristine orthorhombic PBCO during structure evolution, meaning that it is
more likely to form more oxygen vacancy for the former structure than the latter. However, the
oxygen vacancy formation enthalpy of the pristine orthorhombic PBCO is smaller than the assynthesized tetragonal PBCO during structure evolution. So, the pristine tetragonal PBCO easily
loses oxygen and has smaller Ea, bulk above the O-T transition temperature.
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Figure 6.9 Relation between 2 ln 𝑃O2 and 𝑇 with δ as a parameter: a) tetra- PBCO, b) orth- PBCO. From
the slope of the plots, ∆𝐻O is calculated.

With the increase in δ, the average valence of cobalt ions decreases. But oxygen vacancy
concentration does not always increase with δ, since ∆𝐻0 do not have a linear relationship with δ.
The binding energy of oxygen ions decreases with an increase in δ, but not linearly. When the
non-stoichiometry oxygen vacancies are considered pseudo-chemical species and the oxygen
sublattice as a solution of oxygen vacancies and oxygen ions, the solution can be expressed as a
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regular solution. However, the non-linear relationship between the partial molar quantities and δ
implies the non-ideal solution of oxygen vacancies and oxygen ions

205-208

. For the non-ideal

′
solution here, oxygen vacancy will associate with the antisite defect 𝐵𝑎𝑃𝑟
and become

immoblized.
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6.5

Summary

In this chapter, the structures of PBCO treated in air and nitrogen were primarily characterized
using X-ray powder diffraction. The result shows tetragonal and orthorhombic structures at room
temperature respectively in the limit of the XRD instrument. The tetragonal structure keeps in
operation range of SOFC, while orthorhombic transformed to tetragonal when above 550 ºC. The
comparison of the lattice parameters refinement gives a possible explanation for the oxygen
transport discrepancy since the fast transport bond length was shorter for tetragonal PBCO than
orthorhombic PBCO with temperature increasing.
The room temperature NPD data of PBCO treated in the air can be well-matched with the
P4/mmm space group. However, when the temperature goes above 600 ºC, a new crystal lattice
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appeared with a doubling of the 𝑎 and 𝑏 parameters. The tetragonal symmetry is conserved.
Three possible oxygen vacancy order arrangement models were utilized to refine the NPD
profile. The third model refines the NPD data well, which describes an imperfect order with
oxygen vacancies inhomogeneously distributed between 1b [(0 0 1/2)]and 1d [(1/2 1/2 1/2)]
Wyckoff positions of the P4/mmm. The NPD data of PBCO treated in nitrogen verified the
Pmmm space group with orthorhombic symmetry and oxygen homogeneously distributed
between 1c [(0 0 1/2)] and 1g [(0 1/2 1/2)] Wyckoff positions with the occupancy of 10% at 1c
and 90% at 1g.
The SAED patterns also prove the crystal structures refined from the NPD data of the PBCO
wafer prepared in nitrogen. However, besides the cation-ordered tetragonal symmetry lattice, the
crystal lattice with simple cubic symmetry was discovered in the PBCO wafer treated in the air.
In addition, dislocations, strain fields, and lattice distortions were also found in the PBCO wafer
synthesized in the air. The data confidently indicates that PBCO treated in the air has a higher
disorder degree than that of treated in nitrogen.
The study of oxygen non-stoichiometry by the TGA method proves that there will be more
oxygen vacancy formed for tetragonal PBCO with temperature increase. The thermodynamic
quantities obtained through solving the thermodynamic factor equation show nonlinear
relationships with temperature. This may be caused by a structure transformation or the
appearance of a new phase, even the association of the defects.
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Oxygen Transport Mechanism of Dense PBCO and ORR Analysis on
Porous PBCO Cathode
The studies of tetragonal PBCO used as SOFC cathode so far have shown their low polarization
resistance which is 0.4 Ω·cm2 at 600 ºC, 0.21atm for polycrystalline material209. In chapter 5, the
polarization resistance for tetragonal PBCO tested at 600 ºC is 0.165 Ω·cm2. In the thin-film
SOFC cathode domain, single-crystalline thin films PBCO coated by pulsed laser deposition
have been investigated to yield accurate oxygen surface exchange coefficient k. The lowest areaspecific resistance (ASR) reported for thin-film PBCO at 600 ºC in the air is 0.11 Ω·cm2, and the
k value is 6.0×10-3 cm/s at 600 ºC
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. The high electrocatalytic performance for the oxygen

reduction reaction (ORR) on the tetragonal structures is mainly attributed to three reasons. They
are the high oxygen vacancy concentration, the shorter M-O bond strength, and the anisotropic of
oxygen transport between the ab plane and c axis

12,62,115,210,211

. However, the performance

difference between the as-synthesized tetragonal and as-synthesized orthorhombic PBCO which
have different order degrees has not been evaluated in the literature. Besides, the oxygen
transport properties for polycrystalline porous cathode have not been made clear so far. The
ORR on tetragonal PBCO cathode has been discussed generally in chapter 5. But, the ratedetermining steps have not been discussed in detail yet. The ORR process on the as-synthesized
orthorhombic also needs to be investigated to further explain the performance present. Although
ORR involves several elementary steps: gas diffusion, adsorption or dissociative adsorption on
the cathode, incorporation of oxygen into the lattice, bulk diffusion through the cathode, charge
transfer at the gas/cathode or cathode/electrolyte interface, the reaction rate should be limited by
one or more steps.
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To study the electrocatalytic performance and mechanism of both the tetragonal and
orthorhombic PBCO cathode, the electrical conductivity relaxation method was adopted to
investigate the oxygen transport properties of the materials. The relationship between the
structure and the oxygen transport performance needs to be built to explain how the structure
affects oxygen vacancy behavior which determines the oxygen bulk diffusion performance. The
ORR mechanism then could be deeply probed with the oxygen vacancy formation and transport
information.
7.1

K and D Calculated from the Fitting of the ECR Curve

Electrical conductivity relaxation (ECR) is one convenient and economic way to study oxygen
transport kinetics including surface exchange and bulk diffusion processes. The fitting method
introduced by Li et al was adopted here to reduce the errors caused by the determination of the
initial point
used.
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The

. In the electrical conductivity relaxation experiment, a sintered dense pellet is
PBCO

pellets

are

annealed

at

the

chosen

temperature

and

𝑃O2 to equilibrium stoichiometry. Afterward, a step-change in 𝑃O2 is applied and the time-variant
electrical conductivity of a sample is measured. To determine oxygen surface exchange (kex) and
bulk diffusion coefficients (Dchem), a correlation between a mean conductivity and the
corresponding mean non-stoichiometry had been established
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. Assuming that the mobility of

electrons and holes are independent of the non-stoichiometry or oxygen partial pressure at a
certain temperature, the following oxygen non-stoichiometry and total conductivity correlation
can be derived:
𝛿𝑡 −𝛿0
𝛿∞ −𝛿0

𝜎 −𝜎

= 𝜎 𝑡 −𝜎0
∞
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0

(7-1)

Since the non-stoichiometry can stand for oxygen concentration inside the material, similar
relation between oxygen concentration and conductivity can be formed:
𝐶𝑡 −𝐶0

𝜎 −𝜎

= 𝜎 𝑡 −𝜎0

𝐶∞ −𝐶0

∞

(7-2)

0

Solid-phase equilibrium will be restored when the surface exchange is equal to the diffusion flux
which is presented by the equation:
−𝐷 ∂C/ ∂x｜𝑥=±𝑎 = 𝑘[𝐶(∞) − 𝐶(𝑡) ]
𝜕𝐶

(7-3)

𝜕2𝐶

Based on the boundary conditions and Fick’s second laws ( 𝜕𝑡 = 𝐷 𝜕𝑥 2 ), The solution for a pellet
sample is:
𝜎𝑡 −𝜎0
𝜎∞ −𝜎0

= 1 − ∑∞
𝑛=1
𝑎

𝑎𝑘

𝑐

𝐷

L=𝑙 =

2 𝐷𝑡/𝑎2
2𝐿2 exp (−𝑏𝑛
2 (𝑏 2 +𝐿2 +𝐿)
𝑏𝑛
𝑛

= bntanbn

(7-4)

(7-5)

Here, ɑ is the half-thickness of the tested pellet sample in the diffusion solution. And L is a unit
length parameter from which the characteristic thickness 𝑙𝑐 can be derived.
Figure 7.1a shows the fitting error color maps in the D, k plane for the simultaneous analysis of
the data set obtained. The appearance of the dark-blue region indicates the high accuracy of the
fitting results. Figure 7.2 presents a visualized scheme that how quick it can be for oxygen to
approach equilibrium with both pristine tetragonal and orthorhombic PBCO. Oxygen bulk
chemical diffusion is more sensitive to oxygen partial pressure change for orthorhombic PBCO
and more sensitive to temperature variation for tetragonal PBCO. Since the estimated diffusion
coefficient D is pretty high (10-6 cm2/s ~ 10-4 cm2/s) compared to surface exchange coefficient k,
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it is difficult to fit the accurate D values considering the dense and thickness requirement for
samples. Thus, the fitting of D, k values are on two different thickness PBCO (0.05 and 1.5 mm).
The fitted results are listed in Table 7.1 and Table 7.2. L values calculated from k, D tested in air
and 1% oxygen at 500 ºC, 550 ºC, 600 ºC, 650 ºC, and 700 ºC are also listed in the Tables.
Generally, if L<0.1, the oxygen transport process should be surface limited, if larger than 10, it is
bulk diffusion-controlled if 0.1<L<10, it should be deemed as a mixed control process here. As a
result, both the as-synthesized tetragonal and orthorhombic PBCO should be assumed as surface
limited materials.

(a)

(b)

Figure 7.1 a) Error color map for fitting single noisy relaxation data Error map for a wide range of k and
D. b) Normalized conductivity and fitting curve.

The results show that the bulk diffusion coefficients and surface exchange coefficients are in the
same order of magnitude, indicate the activation of the whole electrode if used as SOFC cathodes.
In the air atmosphere, oxygen ion transport in tetragonal PBCO is slower than that in
orthorhombic PBCO at 550 ºC. Besides, this phenomenon even appeared at 600 ºC in a 1% air
atmosphere.
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Figure 7.2 Electrical conductivity relaxation of pristine tetragonal and orthorhombic PBCO with time.
Table 7.1 oxygen transport parameters for as-synthesized tetragonal PBCO and
as-synthesized PBCO in air.
As-synthesized tetra- PBCO

As-synthesized ortho- PBCO

k (cm/s)

D (cm2/s)

L

k (cm/s)

D (cm2/s)

L

700 ºC

2.30E-04

2.40E-04

4.79E-02

1.28E-04

1.40E-04

4.57E-02

650 ºC

1.36E-04

1.30E-04

5.23E-02

9.70E-05

1.10E-04

4.41E-02

600 ºC

9.01E-05

8.50E-05

5.30E-02

6.81E-05

6.20E-05

5.49E-02

550 ºC

4.23E-05

2.50E-05

8.46E-02

5.23E-05

3.20E-05

8.17E-02

500 ºC

2.70E-05

7.50E-05

1.80E-02

3.20E-05

1.20E-05

1.33E-01

The oxygen surface exchange coefficient is much more complicated than bulk diffusion
regarding the ambiguous surface state especially for polycrystalline. In simplification, oxygen
bulk diffusion evolution with temperature and the gap between the two different original
structures can be examined. The high oxygen bulk diffusion coefficient is an indicator of fast
oxygen ion conduction, and one component of fast oxygen ion conduction is the low oxygen
migration barrier. Optimized oxygen vacancy concentration and low oxygen migration barrier
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are typically the dominant factors leading to the fast bulk diffusion of oxygen in the lattice. Both
two samples show high activity for oxygen activation and mobility.
Table 7. 2 oxygen transport parameters for as-synthesized tetragonal PBCO and as-synthesized PBCO in
1% oxygen.

As-synthesized tetra- PBCO

As-synthesized ortho- PBCO

k (cm/s)

D (cm2/s)

L

k (cm/s)

D (cm2/s)

L

700 ºC

1.08E-04

1.00E-04

5.40E-02

4.14E-05

5.60E-05

3.70E-02

650 ºC

5.78E-05

6.00E-05

4.82E-02

3.20E-05

4.10E-05

3.90E-02

600 ºC

3.79E-05

3.00E-05

6.32E-02

2.02E-05

2.10E-05

4.81E-02

550 ºC

2.26E-05

1.20E-05

9.42E-02

1.47E-05

9.20E-06

7.99E-02

500 ºC

8.20E-06

5.30E-06

7.74E-02

1.12E-05

4.20E-06

1.33E-01

7.2

Oxygen Bulk Diffusion Comparison Between Tetragonal and Orthorhombic PBCO

It is observed that from the ambient atmosphere to lower 𝑃O2 , the oxygen diffusion rate in the
lattice slowed quickly compared to oxygen surface exchange at the gas/PBCO surface for the assynthesized tetragonal PBCO. In contrast, the oxygen surface exchange rate retarded quickly
than the oxygen bulk diffusion for the pristine orthorhombic PBCO when switched to lower 𝑃O2 .
This observation means that the former structure shifts to surface/bulk mix control when
shrinking the atmosphere oxygen source and the latter is much more inclined to surface limited
kinetics. When the partial pressure between the lattice and the ambient atmosphere reaches an
equilibrium state, the low spin state mobile hole (Co4+ ) that exists above the semi-conductor to
metal transition, especially when δ is less than 0.5, is reduced to a higher spin state Co3+ and

90

leaves a vacancy site in the lattice, which will cause a decrease in electrical conductivity. The
major charge carriers are usually associated with a thermally activated disproportionation
reaction of Co3+ expressed in Equation 7.6.
∙
×
∙∙
1
2CoCo
+ O×
O = 2CoCo + 𝑉O + 2O2

(7-6)

Figure 7.3 shows the oxygen chemical diffusion coefficients and surface exchange coefficients
for the as-synthesized tetragonal PBCO and the pristine orthorhombic PBCO as a function of
temperature in air and 1% oxygen. Both the as-synthesized tetragonal and orthorhombic PBCO
have excellent oxygen transport performance compared to the performance reported in the
literature

214-216

. The as-synthesized tetragonal PBCO has a higher surface exchange and bulk

diffusion activation energy (Ea) than that of the pristine orthorhombic PBCO in both the air and
1% oxygen. The Ea comparison indicates that the as-synthesized orthorhombic PBCO is more
likely to serve as a low-temperature cathode despite the lower k, D values than that of the assynthesized tetragonal PBCO electrode from 500 ºC to 700 ºC. The surface exchange activation
energy (Ea, surface) for the as-synthesized tetragonal PBCO itself is higher in the air than in 1%
oxygen. There is almost no Ea,

surface

difference between air and 1% oxygen for the pristine

orthorhombic PBCO. Oxygen bulk diffusions show non-linear relationships with temperature.
The oxygen bulk diffusion activation energy (Ea, bulk) changes when the temperature reaches 600
º

C for the as-synthesized tetragonal PBCO and 650 ºC for the pristine orthorhombic PBCO. The

decrease in Ea, bulk at higher temperatures is caused by the easier loss of oxygen. This is verified
by oxygen non-stoichiometry change discussed later. Ea,

bulk

is closely related to the lattice

structure of the cathode. Cation-ordered perovskite materials are reported to have better oxygen
transport performance, specifically faster oxygen bulk diffusion compared to cation-disordered
perovskites

8,66,217

. However, oxygen transport performance and mechanism difference between
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the cation-ordered--oxygen disordered (tetragonal PBCO) and cation-ordered--oxygen ordered
(orthorhombic PBCO) have not been studied yet. Here, the cation-ordered--anion-disordered assynthesized tetragonal PBCO is proven to have better oxygen transport performance (higher
absolute k, D values) than the ordered as-synthesized orthorhombic PBCO during their structure
evolution.
The Dchem vs T and kex vs T plots were reflected in Figure 7.3. The scattering points cannot be
fitted linearly. Consequently, the activity of PBCO to oxygen activation cannot be directly
explained by activation energy. Rather, the enthalpies of defect formation and migration, even
the entropy term should be considered here.
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Figure 7.3 Oxygen chemical diffusion coefficient and surface exchange coefficient for the As-synthesized
tetragonal PBCO and orthorhombic PBCO as a function of temperature.

It is common sense that the oxygen vacancy self-diffusion coefficient can be represented in the
formula:
𝐷 = [VO∙∙ ]s 𝐷v
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(7-7)

[VO∙∙ ]s must be the mobile vacancy fraction and may not be the vacancy fraction directly from the
oxygen non-stoichiometry determined in chapter 6. Thus, the structure factor needs to be taken
into consideration here.
Diffusivity is a rate of diffusion, it measures the rate at which particle spread. Self-diffusion D is
defined by the random walk in the absence of a potential gradient. For the case of a crystal lattice,
it is noted as the jump distance from the site to site (ɑ), the jump frequency (ω) the number of
available defects lattice sites (𝑁𝑑 ) and a structure-specific constant (α) (equal to 1 for vacancy
diffusion). For oxygen diffusion, 𝑁𝑑 involves the formation of vacancies and is a temperaturedependent term.
𝐷 = αɑ2 ω𝑁d

(7-8)

The formation of defects in a system is determined by the Gibbs energy of formation, and
subsequently by the entropy and enthalpy. Oxygen vacancy concentration will increase with
temperature if oxygen vacancy formation enthalpy is positive. The other temperature-dependent
term shown in the equation is the frequency of sufficiently energetic jumps. The energy barrier
relates to the strain arising from the displacement of neighboring atoms to create space for the
jump. A small fraction of the vibrations (a Boltzmann distribution) possesses enough energy to
overcome this jump barrier. Consequently, the jump frequency can be described by:
∆𝐺

∆𝑆m

𝜔 = ϑ exp ( 𝑅𝑇m ) = ϑ exp (

𝑅

) exp (−

∆𝐻m
𝑅𝑇

)

(7-9)

Gm, Sm, and Hm are the thermodynamic parameters associated with the movement of the diffuse
species. ϑ is a characteristic lattice frequency. Among these parameters, most experiment
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measurements are focused on the enthalpies of movement and defect formation, wrapped in
activation energy. Such results are usually described with:
𝑄

𝐷 = 𝐷0 exp (− 𝑅𝑇)

(7-10)

From equations (7-8) and to (7-10), a more detailed view of the diffusion coefficient is obtained:
𝐷 = α𝑎02 ϑ exp (

∆𝑆f +∆𝑆m
𝑅

) exp (−

∆𝐻f +∆𝐻m
𝑅𝑇

)

(7-11)

Thus D0 and Q are given by:
∆𝑆f +∆𝑆m

𝐷0 = α𝑎02 ϑ exp (

𝑅

)

(7-12)

𝑄 = ∆𝐻f + ∆𝐻m

(7-13)

Applying the diffusion theory on specific oxides with transition metals ions, here PBCO oxides,
the oxygen intrinsic diffusion can be expressed in the formula,
𝐷1 = 𝛾𝑎02 𝜗0 exp (

∆𝑆f2 /2+∆𝑆m
𝑅

) exp (−

∆𝐻f2 /2 +∆𝐻m
𝑅𝑇

)

(7-14)

The oxygen vacancy diffusion can be expressed as,
1

𝐷2 =

1

∆𝑆

f1 +∆
−
𝑆
1 3
(4) 𝛾𝑎02 𝜗0 𝑃𝑂26 exp ( 3 𝑅 m ) exp (−

∆𝐻
f1 +∆
𝐻m
3

𝑅𝑇

)

(7-15)

For the as-synthesized tetragonal PBCO, below 600 ºC, the oxygen self-diffusion is mainly
contributed by the diffusion described in formula (12), and mainly from formula (19) when
above 600 ºC. There is an enhancement factor between the oxygen self-diffusion coefficients and
the chemical diffusion coefficients. But it won’t affect oxygen vacancy formation and migration
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energy. With the phase transformation set aside, the oxygen vacancy formation and migration
enthalpy can be estimated here. They are calculated based on the ECR and the TG results and
listed in Table 7.3. Oxygen vacancy migration enthalpy values for the as-synthesized tetragonal
PBCO are higher than the pristine orthorhombic PBCO, which is weird here. However, the
diffusion superiority of the two different PBCO still cannot be certain or be fully understood
since the phase transition has not been considered here, and the entropy term has not been
discussed yet.
Table 7.3 The comparison of enthalpy for oxygen migration, formation between pristine tetragonal and
orthorhombic PBCO.

0.21 atm
As-synthesized
tetra- PBCO
500 oC
600 oC
to 600
to 700
o
o
C
C
∆𝐻f
(eV)
∆𝐻m
(eV)

7.3

1.66
2.69

0.01 atm

As-synthesized
orth- PBCO
500 oC
650 oC
to 650
to 700
o
o
C
C

0.91

1.36

1.29

1.64

As-synthesized
tetra- PBCO
500 oC
600 oC
to 600
to 700
o
o
C
C

As-synthesized orthPBCO
o
500 C
650 oC to
to 650
700 oC
o
C

0.14

0.96

0.27

1.57

0.33

0.79

2.09

1.9

1.64

0.935

Factors Determining Catalytic Activity in O2 Reduction on PBCO

A surface exchange dominated process for PBCO electrodes has been proved from characteristic
length estimated in chapter 5. However, bulk diffusion also displays an interesting phenomenon,
which is reflected in the thermodynamic factor obtained in chapter 6. Besides, both the surface
exchange coefficients and oxygen bulk diffusion coefficient are nonlinearly related to
temperature. It will be more complicated when applied in solid oxide fuel cells with porous
cathode electrodes. So, this chapter will focus on the electro-catalytic performance of
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synthesized tetragonal and orthorhombic PBCO as SOFC cathode, and refine the surface
adsorption process of oxygen on PBCO electrodes.
7.3.1 Symmetrical Cell Performance
After screen printing and sintering, the thickness of the porous electrode is about 30 μm (Figure
7.4). Platinum can dramatically promote a cell’s electrochemical performance, as reported by
Watanabe et al 30, and Xiong et al

218

. Specifically, the vaporization of platinum will take place

above 600 ºC forming PtO2. PtO2 will be reduced to metal again and redeposit on the electrode
surface. During this vaporization-deposition process, platinum prefers to deposit around the
TPBs area and contributes to an attractive performance due to its excellent catalytic ability.
According to Xiong’s work, this vaporization-deposition phenomenon has been confirmed by the
long-term experiments in which the deposition of platinum around the TPBs is observed by
elemental mappings on the cross-section of the LSF/ScSZ interface. To avoid extra performance
promotion from platinum, the silver current collector was applied to all the cells in this work.

Figure 7.4 SEM morphology of a) the cross-section, b) the porous electrode of the PBCO/GDC/PBCO
symmetrical cell.
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The polarization resistance (Rp) of cathode materials in SOFC is an effective parameter to assess
the catalytic activity on the oxygen oxidation reaction (ORR). Figure 7.5 are the Nyquist plots of
PBCO/GDC/PBCO symmetric cells from 500 to 700 ºC in air, 0.1 atm, 0.04 atm, and 0.01 atm.
An attractive performance is already obtained at 650 ºC with the polarization resistance of 0.078
Ω·cm2 and 0.10 Ω·cm2 for the tetragonal and orthorhombic PBCO electrode, respectively. This
performance is prominent compared with that of LaBaCo2O6-δ, GaBaCo2O6-δ, and other ceramic
cathodes published in recent years and also competitive with that of ceramic+GDC composite
cathodes, as shown in Table 7.1
There is a surface exchange and the bulk diffusion co-limited process is generally proposed in
chapter 5 and chapter 6 based on the intrinsic properties of PrBaCo2O6-δ. Fig 7.5 presents EIS
profiles for PBCO/GDC/PBCO symmetric cells measured at different temperatures and
𝑃O2 , with the ohmic resistances removed. The semicircle-like profile was fitted well with the
constant phase element, and the half-tear-drop-shape was fitted with the de Levie Pore element
(Lo). At 550 ºC, a half-tear-drop-shape spectrum occurred for the tetragonal cathode, with the
45º straight line appeared at the high-frequency part. This is an indication of the bulk diffusion
limitation process, followed by a very low-frequency arc representing the surface chemical
reaction (oxygen dissociative adsorption and incorporation) process. Both the tetragonal and
orthorhombic cathodes show very good performance: ASR is 0.078 Ω·cm 2 and 0.1Ω·cm2 at 650
ºC in air respectively. Besides, EIS profiles shift to a higher frequency region with the increase
of temperature and oxygen partial pressure. The highest characteristic frequency is 114.28 Hz at
700 ºC in the air for the tetragonal cathode and 67 Hz for the orthorhombic cathode, which still
belongs to the surface process. Another much lower frequency arc appears at high temperature
and low 𝑃O2 . It means that at higher temperature PBCO/GDC interface is well activated, wherein
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the charge transfer process at the interface should not be the case. Since that oxygen bulk
diffusion is more sensitive to partial pressure change, the low-frequency arc that represents the
chemical process is more related to oxygen diffusion through lattice oxygen vacancy. But it does
not mean that the surface exchange process can be ignored. Another information is that for
orthorhombic PBCO/GDC half cell, the equivalent circuit adopted for the fitting of the derived
low-frequency arc changed from RC to Lo when the temperature goes up from 650 ºC to 700 ºC,
which is also proof of oxygen bulk diffusion-limited process.
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Figure 7.5 EIS profiles of PrBaCo2O6-δ/GDC half cells: a) tetragonal 700 ºC, b) tetragonal 550 ºC, c)
orthorhombic 700 ºC, d) orthorhombic 550 ºC.
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In the Lo equivalent circuit, L is the inductance, Rs is the ohmic resistance from the electrolyte,
Lo represents the oxygen bulk diffusion and surface chemical exchange co-limited process. The
Lo element can be described as Equ. (7-16) 219:
1

Zchem=Rchem√1+𝑗𝑤𝑡 𝛼

(7-16)

𝑐ℎ𝑒𝑚

Although EIS signal cannot separate surface exchange behavior and bulk oxygen diffusion. It
still has an activated thickness that can be compared with its critical thickness obtained from
𝐷𝑐ℎ𝑒𝑚 , 𝑘𝑐ℎ𝑒𝑚 . So, Adler’s model was adopted here to analyze the surface chemical process and
oxygen solid diffusion process observed from EIS profiles. It is assumed the impedance here
under OCV is a non-charge transfer process Zchem.
𝐶𝑐ℎ𝑒𝑚 =

𝑡𝑐ℎ𝑒𝑚

(7-17)

𝑅𝑐ℎ𝑒𝑚

Here Zchem is the chemical impedance, tchem the integrated relaxation time referred to the oxygen
surface exchange and the solid-state diffusion, and α represents the non-ideal behavior of. 𝐶𝑐ℎ𝑒𝑚
is related to the change of oxygen stoichiometry in MIEC. So, the oxygen reservoir ability
should be much larger than double-layer capacitance that is confined to the electrolyte/electrode
interface. The calculated specific chemical capacitances are listed in Table 7.4, which is around a
thousand times double-layer capacitance, and showed a decreasing trend with the decrease of 𝑃O2 .
Based on Adler’s work, the large chemical capacitance also implies the activity of the electrode
bulk. According to Adler’s model, the Rchem and 𝐶𝑐ℎ𝑒𝑚 can be re-written as:
𝑅

𝑅𝑐ℎ𝑒𝑚 = 2√𝜎 𝑠𝑢𝑟𝑓𝑎

(7-18)

𝑖,𝑒𝑓𝑓

𝐶𝑐ℎ𝑒𝑚 =

4𝐹2 (1−𝜀)𝑙𝛿
𝑅𝑇

𝑓𝑉𝑚

=

4𝐹2 (1−𝜀)
𝑅𝑇 𝑓𝑉𝑚
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𝜎𝑖,𝑒𝑓𝑓 𝑅𝑠𝑢𝑟𝑓

√

𝑎

(7-19)

Where 𝑅𝑠𝑢𝑟𝑓 is the area-specific resistance, reflecting the oxygen exchange resistance at the
PBCO surface, f is the thermodynamic factor that representing how facile the stoichiometry
changes with 𝑃O2 obtained from the TGA result calculation, 𝜀 is the porosity of the porous MIEC
cathode. Here 𝜀 is substituted with 0.3 and molar volume 𝑉m with 70.28 cm3/mol calculated from
the tetragonal XRD parameters. Thermodynamic factors can be referred to in chapter 5. 𝑎 is the
surface area. 𝜎𝑖,𝑒𝑓𝑓 is the effective ionic conductivity, and can be expressed as 𝜎𝑖,𝑒𝑓𝑓 = (1 −
𝜀)𝜎𝑖 /𝜏. 𝜏 is the tortuosity. The characteristic length can still reach to hundred microns (169 μm
at 700 ºC in the air) which means the whole electrode should be activated. According to the
above analysis, the following elementary steps listed in Eq. (7-20) to Eq. (7-23) all participated
in the oxygen surface exchange process.
Table 7.4 Summary of values related to tetragonal PrBaCo2O6-δ/GDC EIS profiles.
T=700
ºC

Total Rp
(Ω·cm2)

Related higher frequency
Rp1 (Ω·cm2)

C (F/cm2)

𝑓 (Hz)

0.21atm

0.06

0.06

0.013

114.28

0.1atm

0.07

0.06

0.015

87.5

0.013

12.86

0.86

0.04atm

0.1

0.08

0.015

51.30

0.036

8.57

0.86

0.01atm

0.26

0.13

0.018

30.08

0.13

6.84

0.81

7.4

Chem process
Rchem (Ω·cm2)

Cchem (F/cm2)

α
0.84

Rate Limiting Steps on PBCO Cathodes

7.4.1 Oxygen Reaction Order and Rate-determining Steps Analysis
The RDS can be roughly reflected on the reaction order determined by 𝑃O2 dependent Rp through
a linear relationship between 1/R and 𝑃O𝑚2 . The order values of both the tetragonal and
orthorhombic PBCO cathodes are presented in Fig 6. The values are between 1/4 and 1/2 for the
100

tetragonal PBCO cathode, 1/8 and 1/2 for the orthorhombic cathode. In theory, each step that
referred to the intermediate oxygen state corresponds to a certain reaction order value. Combined
with the surface exchange and bulk diffusion co-limited process proposed in the last two parts,
elementary steps participated in ORR can be listed from (7-20) to (7-23).

Step 1 O2 (g) ↔ O2,ads n=1

(7-20)

Step 2 O2,ads ↔ 2Oads n=1/2

(7-21)

Step 3 Oads + e ↔ O−
ads n=3/8

(7-22)

×
∙∙
Step 4 O−
ads + e + 𝑉𝑜 ↔ OO n=1/8

(7-23)

Oxygen reduction reaction on the as-synthesized orthorhombic PBCO cathode is much more
retarded by oxygen bulk diffusion than the corresponding tetragonal structure reflected in the
reaction order. Besides, deflection points occurred in Figure 7.6b when in the air for all the
temperature range, it is caused by the drastically oxygen non-stoichiometry increase proved in
chapter 6. The increase of oxygen vacancy has been facilitated the oxygen incorporation step
into the electrodes.
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Figure 7.6 Reaction orders from the overall polarization resistance: a) tetragonal PBCO, b) orthorhombic
PBCO.

Figure 7.7 Temperature dependence of activation energy: a) tetragonal PBCO/GDC cells, b)
orthorhombic PBCO/GDC cells.

7.5

Summary

In this chapter, oxygen transport performance and mechanism of the as-synthesized tetragonal
and the pristine orthorhombic PBCO were studied with their structure evolution. The in-situ
structures of PBCO were characterized using X-ray powder diffraction with hot-stage. The result
shows tetragonal and orthorhombic structures at room temperature respectively in the limit of the
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XRD instrument. The tetragonal structure keeps in operation range of SOFC, while orthorhombic
transformed to tetragonal when above 550 ºC. The comparison of the lattice parameters
refinement gives a possible explanation for the oxygen transport discrepancy. The shorter bond
length as-synthesized tetragonal PBCO has better oxygen transport performance than the assynthesized orthorhombic PBCO during the structure evolution when the temperature goes up.
Both the as-synthesized tetragonal and the pristine orthorhombic PBCO electrodes show good
electrocatalytic activity to oxygen reduction, with polarization resistance 0.078 Ω·cm2 and 0.10
Ω·cm2 respectively at 650 ºC. Oxygen bulk diffusion is one of the rate-determining steps of the
oxygen reduction reaction on PBCO electrodes. Oxygen adsorption and incorporation steps both
retard the oxygen surface exchange process at the gas/electrode surface. This has been verified
by the reaction order values and the intrinsic non-stoichiometry in both the as-synthesized
tetragonal PBCO and the as-synthesized orthorhombic PBCO during their structure evolution
with temperature and oxygen partial pressure. Besides, oxygen reduction reactions on electrodes
treated in nitrogen were retard mainly by oxygen incorporation into the lattice step.

103

Conclusions and Recommendation Work
In this work, a double perovskite cathode material PrBaCo2O6-δ (PBCO) is developed. Based on
its structure evolution with temperature and oxygen partial pressure, the thermodynamic property,
oxygen transport mechanism, and the oxygen reduction reaction mechanism with both tetragonal
and orthorhombic PBCO were investigated and compared. In the last part, the PBCO cathode
electroactive zone and the rate-determining steps are discussed.
In chapter 5, PBCO double perovskite material is chosen as the potential SOFC cathode. The
crystal structure of PBCO treated in air and nitrogen is investigated with a tetragonal phase in air
and an orthorhombic phase in nitrogen. Both two structures belong to layered double perovskite
materials with the lattice parameters doubled in 𝑐 axis. The electrical conductivity test proves
that the PBCO material has a metallic characteristic with a prominent minimum conductivity of
1014 S/cm. The half-tear-drop-shaped impedance spectra of PBCO symmetrical cells herald
PBCO as a good MIEC cathode that possesses both excellent oxygen surface exchange and bulk
diffusion performance. The good match of these two reactions expanded the reaction active zone
from electrolyte/electrode 2PB to the gas/electrode surface area. The bulk diffusion and surface
exchange process at gas/electrode 2PB was assumed to co-limit the ORR on the PBCO cathode.
In chapter 6, the structures of PBCO treated in air and nitrogen during temperature increase were
primarily characterized using X-ray powder diffraction. The result shows tetragonal and
orthorhombic structures at room temperature respectively in the limit of the XRD instrument.
The tetragonal structure keeps in operation range of SOFC, while orthorhombic transformed to
tetragonal when above 550 ºC. The comparison of the lattice parameters refinement gives a
possible explanation for the oxygen transport discrepancy since the fast transport bond length
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was shorter for tetragonal PBCO than orthorhombic PBCO with increasing temperature. The
refinement of NPD data confirms that there are two sets of crystal lattice parameters with the
same P4/mmm symmetry for the as-synthesized tetragonal PBCO material above 600 ºC. Besides,
the oxygen vacancies are inhomogeneously distributed between 1 b and 1d Wyckoff positions.
While the oxygen vacancies are ordered distributed between 1c and 1g Wyckoff positions with
the crystal lattice belong to Pmmm symmetry. The SAED patterns and HREM morphology
discovered the dislocations, strain fields, and lattice distortions in the PBCO treated in the air.
Both the evidence tells that PBCO treated in the air has a higher disorder degree than that of
treated in nitrogen. The study of oxygen non-stoichiometry by the TGA method proves that there
will be more oxygen vacancy formed for tetragonal PBCO with temperature increase. The
thermodynamic quantities obtained through solving the thermodynamic factor equation show
nonlinear relationships with temperature. This is caused by a structure transformation, the
appearance of a new phase, and maybe even the association of the defects.
In chapter 7, oxygen transport performance and mechanism of the as-synthesized tetragonal and
as-synthesized orthorhombic PBCO were studied with their structure evolution. The activation
energy calculated from the D values does not keep constant for both as-synthesized tetragonal
and orthorhombic PBCO oxides which correspond to the thermodynamic properties analyzed
from the TG results in chapter 6. Both the as-synthesized tetragonal and the pristine
orthorhombic PBCO electrodes show good electrocatalytic activity to oxygen reduction, with
polarization resistance 0.078 Ω·cm2 and 0.10 Ω·cm2 respectively at 650 ºC. Oxygen bulk
diffusion is one of the rate-determining steps of the oxygen reduction reaction on PBCO
electrodes. Oxygen adsorption and incorporation steps both retard the oxygen surface exchange
process at the gas/electrode surface. This has been verified by the reaction order values and the
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intrinsic non-stoichiometry in both the as-synthesized tetragonal PBCO and the as-synthesized
orthorhombic PBCO during their structure evolution with temperature and oxygen partial
pressure. Besides, oxygen reduction reactions on electrodes treated in nitrogen were retarded
mainly by oxygen incorporation into the lattice step.
8.1

Future work

With the lattice information, the oxygen transport performance, and the oxygen reduction
reaction mechanism analysis for the PBCO SOFC cathodes, the following work is recommended.
Oxygen vacancy diffusion pathways need to be clarified with the in-situ lattice information to
give information on the further performance modification.
The thermal expansion coefficients of PBCO materials are higher than 20×10-6 K-1 estimated
from the lattice parameters. Such high TEC cathode could not match with the SOFC electrolyte
in a long-term operation. The high TEC is mainly related to the B-site cobalt element
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. The

composite electrodes or B-site element doping strategy could address the TEC mismatch.
The surface exchange rate of PBCO cathodes needs to be improved with the oxygen transport
performance and the oxygen reduction reaction mechanism analysis. Surface active element
infiltration is one promising way to modify the material's surface activity.
The long-term stability of this cathode material in a single cell assembly operation needs to be
investigated.
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